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Executive summary 
Exploratory climate modeling suggests that aerosol effects are of comparable importance as 
greenhouse gases, as a driver of recent climate trends in the southern hemisphere, including 
Australia (Rotstayn et al. 2007; Rotstayn et al. 2010). A 2008 CSIRO review considered the possible 
climatic effects of natural and anthropogenic aerosol located in the Australian region (Rotstayn et al. 
2008). Observations and modelling suggest that various regional aerosol sources may be important, 
but systematic studies of their role in climate change and climate variability are currently lacking. 
In addition, the aerosol indirect effects (or the effects aerosols have on cloud formation) are 
currently the largest uncertainty in the IPCC report estimate of anthropogenic induced climate 
change (IPCC 2013). A better understanding of aerosol effects is essential in order to reconcile 
modelled and observed climate variability and climate change.  
To this aim, intensive ground-based measurements of ambient aerosols including Cloud 
Condensation Nuclei (CCN) were made at three locations across Australia: a tropical site located at 
Gunn Point in the Northern Territory, an urban site located in a suburb approximately 22 km to the 
west of Sydney in New South Wales and a marine site located at the Cape Grim Baseline Monitoring 
Station located on the northwest tip of Tasmania.  
To summarise the findings of this study, in the tropics biomass burning emissions dominated the 
aerosol sources in the region and these aerosol were found to be CCN active. The Sydney air shed 
contained a largely hydrophobic aerosol population sourced from local urban emissions and low 
numbers of CCN active aerosol.  The low numbers of CCN were associated with atmospherically aged 
aerosol such as sulfate aerosol, Secondary Organic Aerosol (SOA) and biomass burning aerosol. In 
Cape Grim, a significant proportion of marine aerosol was found to be CCN active, however source(s) 
of marine CCN remain unresolved after this study. 
The influence of important aerosol sources and processes observed such as biomass burning, urban 
vehicle emissions, secondary formation and the complexity of marine sources on CCN formation and 
regulation to the Australian continent will be discussed in this thesis. 
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Abbreviations 
AIMS – Aerosol Instrument Manager Software 
CCN – Cloud Condensation Nuclei 
CN – Condensation Nuclei 
CPC – Condensation Particle Counter 
d50 – 50% cut point diameter, the diameter at which half of the particles pass through the inlet and 
half are deposited in the inlet 
DMA – Differential Mobility Analyser 
EC – Electrostatic Classifier  
EC – Elemental Carbon 
FID – Flame Ionisation Detector 
GC – Gas Chromatography 
HPLC – High Performance Liquid Chromatography 
HEPA – High Efficiency Particle Arrestance 
HTDMA - Humidified Tandem Differential Mobility Analyzer 
HV – High Volume 
IC – Ion Chromatography 
Kr-85 – Krypton 85 
MOUDI – Multi Orifice Uniform Deposit Impactor 
MSD – Mass Selective Detector 
NPF – New Particle Formation 
OPC – Optical Particle Counter 
OC – Organic Carbon 
PLS – Partial Least Squares 
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PM – Particle Mass 
POA – Primary Organic Aerosol 
PSL - Polystyrene Latex  
RH – Relative Humidity 
S - Supersaturation 
SMPS – Scanning Mobility Particle Sizer 
SOA – Secondary Organic Aerosol 
STP – Standard Temperature (298 K) and Pressure (1 atm = 1013.25) 
VOCs – Volatile Organic Compounds, can be biogenic (bVOCs) or anthropogenic (aVOCs) 
WSOC – Water Soluble Organic Carbon 
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Symbols 
s = saturation ratio 
S = supersaturation (%) 
pω = ambient vapour pressure of water  
psol
o(T) = saturation vapour pressure of water over an aqueous solution droplet (Pa) 
pω
o(T)= saturation vapour pressure of water over a flat surface made of pure water (Pa)  
xw = mole fraction of water in solution 
ςω = surface tension of a pure water droplet = 0.072 J·m
-2 (Petters & Kreidenweis 2007) 
Mω = molar weight of water = 0.0180153 kg·mol
-1 
R = Universal gas constant = 8.314472 J·K-1·mol-1 
T = temperature (K) 
ρω = density of water = 997.1 kg·m
-3 
Dwet = diameter of spherical aqueous solution or droplet diameter (m) 
aω = water activity of the condensed (aqueous) phase present in the droplet 
Ke = Kelvin term  
κ = single hygroscopicity parameter 
Ds = diameter of a compact spherical particle consisting of the dry solute (mass equivalent diameter 
of dry solute particle) (m) 
ϵi = volume fraction of the constituent i 
mi = mass of constituent i (kg) 
ρi = density of constituent i (kg·m-3) 
Sc = critical supersaturation (%) 
Da = activation diameter (m) 
Z = electrical mobility (m2/V·s) (or s2·A/kg) 
Qs = sheath air flow rate in DMA (e.g. 11 L/min * 1.67 x 10
-5 = 0.000183 m3/s)  
R1 = inner radius of annulus in DMA = 0.937 cm for long DMA 
R2 = outer radius of annulus in DMA = 1.958 cm for long DMA 
V = centre rod voltage or applied voltage in DMA (V)  
L = DMA length (0.44369 m) 
e = charge on a singly charged particle = 1.609 x 10-19 (°C) (also A·s) 
Cc = Cunningham slip correction factor 
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η = gas viscosity of air at STP = 1.8 x 10-5 kg/m·s (Seinfeld & Pandis 2012)  
Dp = aerodynamic diameter of particle (m) 
Kn = Knudson number 
λ = while this is a commonly used symbol, in this thesis it is specifically used for mean free path (m) 
P = atmospheric pressure (mb) 
st = steepness of s-shape of CCN activity curve 
E = fitted activation ratio for each size bin in CCN activity curve 
gs = growth factor of dry solute particle  
ρs = density of the condensed (aqueous) phase present in the droplet (kg·m
-3) 
ρsol = density of whole aqueous solution droplet (kg·m
-3) 
xs = mole fraction of solute in aqueous droplet 
nω = moles of water (mol) 
Ms = molar weight of solute (kg·mol
-1) 
is = van’s Hoff factor  
µs = chemical potential of solute in aqueous droplet 
Daeff = effective activation diameter (m) 
N = number of particles  
n(Dp) = size distribution function (or the number of particles per size bin) 
n(log Dp) = size distribution function (or the number of particles per logarithmic size bin) 
dN = particle number distribution 
dA = particle surface area distribution 
dV = particle volume distribution 
dM = particle mass distribution 
κeff = effective hygroscopicity parameter 
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Definitions/Glossary 
Activation – as in CCN activation or droplet activation; the point at which an aerosol particle 
becomes able to uptake water vapour and act as a CCN and eventually grow into a droplet (Seinfeld 
& Pandis 2012). 
Aerodynamic equivalent particle diameter – diameter of a spherical particle with a density of 1000 
kg/m3 that has the same settling velocity as the aerosol particle being measured (Baron & Willeke 
2001).  
Atmospheric boundary layer – or the planetary boundary layer is lower part of the troposphere 
closest to the Earth’s surface, where contact with the Earth's surface influences air flow and causes 
turbulence and vertical mixing. This layer is typically a few hundred meters to 2 km high depending 
on the terrain and time of day and is capped by an inversion layer (Seinfeld & Pandis 2012).  
CCN closure – an assessment of the extent to which measured CCN activation can be predicted 
theoretically. Measured CCN behaviour can be compared to that predicted by Köhler theory based 
on measurements of the ambient particle size distribution and chemical composition (Seinfeld & 
Pandis 2012).  
Cloud Condensation Nuclei (CCN) – particles that form droplets under reasonable atmospheric 
supersaturations (less than 2 %) (Seinfeld & Pandis 2012). 
Condensation Nuclei (CN) – particles that form droplets at supersaturations (S) greater than 400 %, 
at this S it is assumed that water vapour will condense onto all types of particles. Therefore it may be 
assumed that CN concentration is equal to the total particle number concentration (Seinfeld & 
Pandis 2012).  
Coarse particle mode – mode of atmospheric aerosol particles with diameters larger than 2.5 µm 
(Baron & Willeke 2001). 
Electrical mobility – the migration velocity of a charged particle in an electric field, inversely related 
to particle size (Baron & Willeke 2001). 
Electrical mobility equivalent particle diameter – Measured by electrostatic mobility analyzers. 
Assumes particles are spherical and is determined by the rate of migration of charged particles in an 
electrostatic field (Baron & Willeke 2001).  
Externally mixed aerosol – each particle is composed of only one chemical compound, different 
particles have different compositions (Baron & Willeke 2001).   
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Fine particle mode – mode of atmospheric aerosol particles with diameters smaller than 2.5 µm 
(Baron & Willeke 2001). 
Free Troposphere – The region above the atmospheric boundary layer is the free troposphere and is 
usually non-turbulent, or only intermittently turbulent and wind is approximately geostrophic 
(parallel to the isobars). It is the region in the troposphere where contact with the Earth's surface no 
longer influences air flow (Seinfeld & Pandis 2012).   
Internally mixed aerosol – all the particles have the same composition, typically a mixture of 
compounds in each particle (Baron & Willeke 2001). 
Köhler theory – for each dry soluble particle size there is a “critical supersaturation”, Sc, at which 
the difference between the Raoult and Kelvin effects is at a maximum. At this point any increase in 
the size of the droplet will lead to spontaneous growth into a cloud droplet (Seinfeld & Pandis 2012).  
Mass equivalent particle diameter – uses bulk density of the material that the particle is composed 
of and assumes particles are spherical and compressed without voids (Baron & Willeke 2001). 
Optical equivalent particle diameter – measured by light scattering detectors. It depends on particle 
refractive index (chemical composition), shape, and size (Baron & Willeke 2001). 
Particle Matter (PM) – Abbreviation used to represent the upper size cut off limit of a particle mass 
measurement, usually corresponding to a filter sample. Common examples are PM2.5 (particles with 
a diameter of 2.5 µm or lower) and PM10 (particles with a diameter of 10 µm or lower) (Baron & 
Willeke 2001). 
Saturation vapour pressure of water (pω°) – in a closed container, equilibrium occurs between 
water vapour entering the liquid phase and evaporating from the liquid phase when the number of 
molecules evaporating equals the number of molecules entering back into the liquid phase. At this 
point the vapour is saturated, and the pressure of that vapour is called the saturated vapour 
pressure. Saturation vapour pressure increases with increasing temperature. If the liquid is open to 
the air, then the vapour pressure is seen as a partial pressure along with the other constituents of 
the air (Seinfeld & Pandis 2012). 
Stratosphere – layer of Earth's atmosphere above the troposphere. The World Meteorological 
Organisation describes the boundary between the troposphere and the stratosphere as the layer in 
the atmosphere where an abrupt change in lapse rate usually occurs, called the tropopause. The 
tropopause is defined as the lowest level at which the lapse rate decreases to 2 °C/km or less, 
provided that the average lapse rate between this level and all higher levels within 2 km does not 
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exceed 2 °C/km (WMO 1992). The stratosphere is situated between about 10 km and 50 km altitude 
above the Earth’s surface at most latitudes, but starts at lower altitudes (about 8 km) in Polar 
Regions (Seinfeld & Pandis 2012). 
Supersaturation (S) – occurs when a given portion of the atmosphere has a Relative Humidity (RH) 
greater than 100 %, or when air contains the maximum amount of water vapour that is possible at a 
given T and P i.e. RH = 100 % (Seinfeld & Pandis 2012). Because RH is a saturation ratio between the 
water vapour pressure in air and the water vapour saturation pressure of a surface of water, it is 
different for different phases of water e.g. liquid or ice. Therefore RH and S may occur in the 
atmosphere with respect to liquid water or with respect to ice. In general when the term 
supersaturation is used without qualification, as well as throughout this thesis, it refers to 
supersaturation with respect to liquid water.  
Troposphere – lowest layer of Earth's atmosphere, closest to the Earth’s surface, characterized by 
decreasing temperature with increasing altitude. Approximately 80 % of the atmosphere's mass is 
found in the troposphere, this includes 99 % of its water vapour and aerosol particles (Seinfeld & 
Pandis 2012). 
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1.1 Introduction 
In the Earth’s atmosphere, cloud droplets form by the condensation of water vapour onto air borne 
particles (aerosols). The presence of atmospheric aerosol is vital because cloud droplets cannot form 
without the presence of particles acting as nucleating surfaces unless relative humidity reaches 
several hundred percent (Pruppacher & Klett 1997). The aerosol that are able to take up water 
vapour, at a known water vapour Supersaturation (S), and form into cloud droplets are defined as 
Cloud Condensation Nuclei (CCN). The number of available CCN in the atmosphere influence cloud 
properties and can have significant impacts on the hydrological cycle and climate. Because of the 
potential climate impacts of CCN, characterising the ability of atmospheric aerosols to absorb water 
vapour and act as CCN is a subject of rapidly growing research (e.g., Coggon et al. 2014; Jurányi et al. 
2013; Leng et al. 2013; Mei et al. 2013; Mikhailov et al. 2009; Pöschl 2011; Ruehl, Chuang & Nenes 
2008, 2009; Shantz et al. 2010; Snider et al. 2010; Wonaschütz et al. 2013). 
The cloud modifying effects of atmospheric aerosols represent one of the largest uncertainties in 
global estimates of climate forcing (IPCC 2013). The process by which water vapour condenses onto 
aerosols is complicated and controlled by the amount of water vapour freely available in the 
atmosphere, temperature and the chemical composition and size of atmospheric particles. 
Atmospheric aerosol size distributions and chemical composition are highly spatially and temporally 
variable, and when freshly emitted are often representative of local sources. They are also 
chemically reactive, so their size and composition can change during their atmospheric lifetime. This 
makes atmospheric aerosols difficult to model. Taking all this into account, modelling the subset of 
atmospheric aerosol that are able to uptake water vapour and grow into water droplets (or CCN) 
becomes an even more complicated and difficult task.   
1.2 Research questions 
The aim of this work was to investigate the properties of different sources of atmospheric aerosol in 
Australia that contribute to CCN, particularly the influences of size distribution, chemical 
composition and atmospheric aging of aerosols on CCN formation. By conducting aerosol 
observations (such as number concentrations, activation ratios and activation diameters) I aim to 
answer the following research questions   
1. What are the physico-chemical properties of Australian aerosols relevant to their cloud 
nucleating potential?  
2. What are the major sources of such particles and the different source contributions to the 
Australian atmosphere? 
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3. How does the transport and evolution of aerosols from a source region into the broader 
boundary layer influence their properties, particularly cloud modification potential? 
1.3 Significance of atmospheric aerosols and CCN in climate change 
The role of atmospheric aerosols in climate change is highly uncertain. Aerosols may impact on 
climate through direct effects (i.e. their ability to affect the radiative properties of the Earth’s 
atmosphere through absorbing and reflecting solar radiation or the albedo effect) or indirect effects 
(i.e. by modifying clouds and changing precipitation patterns).  
1.3.1 The direct effect 
The main direct radiative effects of atmospheric aerosol are absorption and/or reflection of solar 
radiation. By absorbing solar radiation aerosols can heat up the atmosphere, which produces a 
positive climate forcing. Reflection of solar radiation, on the other hand, can cause the surface of the 
planet to cool. This is a well established phenomenon in the literature, for example, Charlson et al. 
(1991) states that studies dating back to early 1900s (Angstrom 1929, 1930; Bergeron 1928) 
discussed aerosol effects on incoming solar radiation. 
1.3.2 The indirect effect  
The indirect radiative effect of aerosols is quite complex and represents the largest uncertainty in 
global estimates of anthropogenic climate forcing (IPCC 2013). The main indirect radiative effect of 
atmospheric aerosols is their ability to modify cloud properties by forming CCN. Clouds play a major 
role in controlling the heat balance of the Earth, therefore any changes to cloud properties would 
likely have substantial effects on climate. The complexity of changes in the cloud optical depth (e.g., 
Twomey 1977) and to rainfall (e.g., Pincus & Baker 1994) as a result of the indirect effect have been 
discussed in literature for years. 
A simplified example of the indirect effect follows by comparing situations with high and low 
concentrations of CCN. In this scenario, the liquid water content is assumed to be constant between 
the two situations. In reality however, the liquid water content in the atmosphere is constantly 
changing, indicative of a much more complicated system. In the simplest terms, cloud properties 
depend on the number of available CCN. CCN number concentration, at a particular Supersaturation 
(S), is representative (if a cloud is spatially uniform) of the number of water droplets in a cloud with 
the same S. In clean marine environments, where CCN concentrations are low, precipitation forms 
quite rapidly. Since there are few soluble surfaces for water to be adsorbed onto, CCN grow quickly 
into cloud droplets that are large enough to precipitate out (Andreae et al. 2004; Bell et al. 2008; 
Rosenfeld 1999, 2000; Squires 1956). When cloud droplets form in the atmosphere in regions 
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containing high concentrations of CCN (polluted continental environments), the cloud droplets tend 
to be higher in concentration but smaller in size. Clouds containing high concentrations of small 
droplets reflect more sunlight back into space and take longer to produce droplets large enough to 
precipitate out (Albrecht 1989; Andreae et al. 2004; Bell et al. 2008; Rosenfeld 1999, 2000; Squires 
1956). The resulting impact on climate of these clouds may include an increase in the amount of 
cloud coverage, a drop in the air temperature below these clouds (Coakley, Cess & Yurevich 1983; 
Robock 1988), suppression of precipitation in shallow, short lived clouds (Warner & Twomey 1967) 
and moisture build up in the atmosphere. The built up moisture may then be pushed downwind to 
where it can lead to more precipitation at a later time (Bell et al. 2008). This can also result in 
greater convective overturning and more precipitation in deep convective clouds (Rosenfeld et al. 
2008). These changes to climate and natural precipitation processes occur as a result of more CCN in 
the atmosphere (and/or higher concentrations of aerosol).  
Since the IPCC (2007) report identified the large uncertainty in radiative forcing due to aerosol-cloud 
interactions, there have been publications (e.g., Rotstayn et al. 2008) and meetings (e.g., WMO 
2008) that focussed on the direction of future research required to improve this uncertainty. The 
WMO (2008) meeting report suggested that the reason for the uncertainty in aerosol-cloud 
interactions was because of a lack of understanding of the fundamental processes, insufficient 
model parameterisations and lack of observations and quality data. The WMO (2008) report 
suggests that more model-observational campaigns are required, specifically in regions where large 
scale aerosol indirect effects are to be expected. Rotstayn et al. (2008) suggested that further 
research priorities in Australia include: natural aerosols over the southern ocean, tropical biomass 
burning aerosol in Indonesia and Australia, Secondary Organic Aerosol (SOA) from Volatile Organic 
Compounds (VOCs), windblown dust and modulation of rainfall by anthropogenic aerosol. 
1.4 Water vapour and aerosol particles 
Aerosols can modify cloud properties because they have the ability to uptake water vapour and 
grow into water droplets. To understand this process, it is first important to understand the 
behaviour of water vapour around condensable surfaces (solids or liquids) in the atmosphere.  
1.4.1 Supersaturation 
Water vapour molecules can condense and evaporate onto condensable surfaces depending on the 
air temperature and saturation ratio of water in air. The saturation ratio (s) is defined as the 
percentage of water vapour present in the atmosphere (pω) compared to the saturation vapour 
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pressure of water over an aqueous solution droplet (psol°) at a given temperature. When s > 1, the 
air becomes supersaturated and supersaturation (S) can be defined as 
 𝑆 =  𝑠 − 1 ∙ 100 % =   
𝑝ω
𝑝𝑠𝑜𝑙
° −  1 ∙ 100 %     (1) 
In comparison, Relative Humidity (RH), the most commonly used saturation ratio, is defined as the 
percentage of water vapour present in the atmosphere (pω) compared to the saturation vapour 
pressure of water over a flat surface made of pure water (pω°), at a given temperature. RH is typically 
used to describe unsaturated atmospheric conditions and is standardised. S is typically used, 
however, to describe saturated atmospheric conditions and is dependent on the condensing surface 
(e.g. surface of the droplet or particle). In the atmosphere S is not always equal to RH. Since the 
calculation of RH always uses the saturation vapour pressure of water over a condensable phase 
with a flat surface made up of pure water, whereas S is calculated using condensable phases made 
up of different compositional mixtures with curved surfaces (e.g. surface of a droplet).  
Water vapour is only able to condense onto atmospheric particles when the temperature at the 
surface of the particle is below dewpoint temperature (as for ice particles) or when the atmosphere 
becomes saturated with water vapour molecules, i.e. under Supersaturation (S). S typically occurs in 
the atmosphere when the temperature drops. This can happen when a cooler air mass passes by a 
warmer one or by upward movement of air into cooler regions (such as adiabatic cooling when an 
air parcel moves up the side of a mountain). Updraft velocities in the atmosphere have been found 
to be significantly correlated with S; S increases with updraft velocities (Seinfeld & Pandis 2012). 
Other less common ways S can occur in the atmosphere are by the addition of water vapour through 
evaporation or by the mixing of two air masses. Marine stratiform clouds typically have S in the 
range 0.1 – 0.5 %.  
1.4.2 Raoult’s law 
The vapour pressure of water (pω) is dependent on temperature and the water content in the 
condensed phase (e.g., the condensed phase can be a liquid particle). pω increases exponentially 
with temperature and also increases with water content in the condensed phase. The increase in pω 
with water content in the condensed phase happens because the presence of other molecules on 
the surface of the condensed phase can slow down the evaporation of water (by blocking some 
water molecules from reaching the surface of the condensed phase) (King et al. 2009; Shilling et al. 
2007). According to Raoult’s law, the change in pω
 is directly proportional to the water content in the 
condensed phase and can be determined by the following relation  
𝑝ω =  𝑥𝜔 ∙ 𝑝ω°       (2) 
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xω = mole fraction of water in solution  
pω = vapour pressure of water  
pω °= saturation vapour pressure of water over a flat surface of water, for a given temperature  
Droplets grow in the atmosphere by the condensation of water vapour onto particles, because of 
this it can be assumed that larger liquid particles contain a greater proportion of water than smaller 
particles (Andreae & Rosenfeld 2008). Therefore, pω can be assumed to increase with particle 
diameter. What this means is that potentially more water vapour is required to reach equilibrium 
and S as particle diameter increases. In turn, the larger the particle the more water vapour is 
required for a particle to reach a point where it can grow into a droplet (or become a CCN). 
1.4.3 Kelvin effect 
According to the Kelvin effect (Köhler 1936), the saturation water vapour pressure is greater over a 
curved surface of liquid (such as the surface of a liquid particle or water droplet) than over a flat 
liquid surface with the same composition. Small liquid particles have stronger curved surfaces than 
larger particles, the smaller the particle, the easier it is for water vapour molecules to escape from 
its surface. This also means that more water vapour is required to reach equilibrium and S as particle 
diameter decreases. In turn, the smaller the particle the more water vapour is required for a particle 
to reach a point where it can grow into a droplet (or become a CCN).  
The Kelvin equation determines the saturation ratio, s, required for equilibrium between the water 
vapour in the atmosphere surrounding a liquid particle (or droplet) of a particular diameter (Baron & 
Willeke 2001)  
𝑠 = 𝑒𝑥𝑝  
4∙𝑀𝜔 ∙𝜍𝑠𝑜𝑙
𝑅∙𝑇∙𝜌𝜔 ∙𝐷𝑤𝑒𝑡
        (3) 
s = water vapour saturation ratio  
ςsol = surface tension of the solution droplet (J·m
2)  
Mw = molar mass of water (0.0180153 kg·mol
-1) 
R = universal gas constant (8.314472 J·K-1·mol-1) 
T = absolute temperature (K) 
ρω = density of water (997.1 kg·m
-3) 
Dwet = diameter of spherical aqueous solution or droplet diameter (m) 
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1.4.4 Köhler theory 
Köhler theory combines both Raoult’s law and the Kelvin effect to calculate the S required for a 
particle of a particular composition and size, to grow into a cloud droplet. According to Köhler theory 
atmospheric particles will grow (by condensation of water vapour) and shrink (by releasing water 
vapour through evaporation), based on the water vapour equilibrium between the air and the 
particle. The state of equilibrium between a particle and the surrounding water vapour is largely 
influenced by the size of the particle (The Kelvin Effect) and its composition (Raoult’s Law).  This is 
further complicated by the presence of other reactive species in the air, which have the potential to 
change the composition of particles. However, at a certain point (or in a certain air mass), there will 
be enough water vapour available (or high enough S) to tip the equilibrium to cause a continual 
growth (by condensation) of the particle to form into a cloud droplet. The point at which this 
unhindered growth begins is called activation. S at activation is defined as the Critical 
Supersaturation (Sc). 
The Köhler equation (Köhler 1936; Pruppacher & Klett 1997; Seinfeld & Pandis 2012) is used to 
determine when a particle is in equilibrium with the surrounding water vapour in the gas phase 
(Köhler 1936; McFiggans et al. 2006)  
𝑠 = 𝑎𝜔 ∙ 𝐾𝑒 = 𝑎𝜔 ∙ 𝑒𝑥𝑝  
4∙𝜍𝑠𝑜𝑙 ∙𝑀𝜔
𝑅∙𝑇∙𝜌𝜔 ∙𝐷𝑤𝑒𝑡
      (4) 
Water activity (aω) accounts for the solubility (Raoult’s Law) and the rest of the calculation is the 
Kelvin term (Ke). There are several calculations that may be used to calculate aω depending on 
whether the aerosol population is composed of a single component (as in calibrations) or multiple 
component mixtures (as in the atmosphere).  
1.4.5 κ-Köhler theory 
Initially the Köhler theory was developed for aerosol composed of only inorganic compounds, since 
the behaviour of inorganic aerosols has become relatively well understood (Clegg, Brimblecombe & 
Wexler 1998; Petters & Kreidenweis 2007; Topping, McFiggans & Coe 2005). However, it is also well 
known that the chemical composition of atmospheric aerosols is a complex mixture of both 
inorganic and organic compounds (e.g., McFiggans et al. 2006; Petters & Kreidenweis 2007). Less is 
known about the ability of organic aerosols (alone or mixed with inorganic compounds) to uptake 
water vapour and more observations of these types of aerosols has been the subject of recent 
research (e.g., Chang et al. 2010; Jimenez et al. 2009; Jurányi et al. 2010; Pöschl 2011 and refs 
therein; Pratt et al. 2011; Suda et al. 2014; Wonaschütz et al. 2013).  
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Knowing the mixing state and composition of particles are extremely difficult. However, Petters and 
Kreidenweis (2007) developed κ-Köhler theory, which uses a single variable κ to describe the 
hygroscopic properties of an ambient aerosol population, and reduces the requirement for 
understanding the individual chemical properties (e.g. solubility, MW) of the particles.  The 
hygroscopicity parameter (κ) of ambient aerosols varies from zero (insoluble) to 1.3 (highly soluble, 
e.g. pure NaCl), and may vary with dry diameter. Petters and Kreidenweis (2007) calculated water 
activity (aω) using this hygroscopicity parameter (κ) 
𝑎𝜔 =   1 +  𝜅 ∙
𝐷𝑠
3
𝐷𝑤𝑒𝑡
3 − 𝐷𝑠
3  
 
−1
      (5) 
Ds = diameter of a compact spherical particle consisting of the dry solute (mass equivalent diameter 
of dry solute particle) (m) 
Dwet = diameter of spherical aqueous solution or droplet diameter (m) 
κ is determined by the sum of each individual component using the following relationship that is 
equivalent to the ZSR mixing rule (Stokes & Robinson 1966) 
𝜅 =  𝜖𝑖 ∙ 𝜅𝑖
𝑛
𝑖=1         (6) 
Where volume fractions (Єi) of individual components are calculated by 
𝜖𝑖 =  
𝑚 𝑖 𝜌𝑖 
 𝑚𝑘 𝜌𝑘 
        (7) 
m = mass concentration (kg) 
ρ = density (kg/m3) 
This means that a single hygroscopicity parameter (κ) can be used to represent the influence of 
aerosol chemical composition on CCN activity (Petters & Kreidenweis 2007; Pöschl 2011; Rissler et al. 
2006; Rose et al. 2008; Wex et al. 2007).  
1.4.6 Activation diameters 
Both Raoult’s Law and the Kelvin effect play a role in the ability of all particles to absorb water 
vapour at atmospheric RH, but the Kelvin effect is much stronger. Because the Kelvin effect is 
stronger, for a given S, water vapour can only condense onto particles if they are large enough. The 
minimum size particles need to be before they are able to activate and grow into a water droplet is 
defined as the activation diameter (Da), or the size of the particle at Sc. Da can vary depending on 
the dry diameter and the hygroscopicity of the particle (Köhler 1936).  
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Da may also be used to determine Sc of an aerosol population under observation (using CCN activity 
spectra measurements – described in section 2.3). Da also tells us about the CCN nature of the 
aerosol population under observation, for example, the smaller Da the more hydrophilic the aerosol.  
1.5 Defining Cloud Condensation Nuclei (CCN) 
Atmospheric aerosol that are able to uptake water vapour, at a given water vapour S, and form into 
cloud droplets are Cloud Condensation Nuclei (CCN). Because CCN are dependent on S, they must 
always be referred to in terms of S, e.g. CCNS. Under experimental conditions “potential” CCN are 
defined as particles that uptake water vapour molecules when growth kinetics and competition for 
water vapour do not play a role. However, in the atmosphere, there is more commonly not enough 
water vapour available for condensation to occur on all CCN active aerosols at any one time, 
therefore particles need to compete for water vapour and those that are highly hygroscopic will be 
the first to take up any available water vapour. More observations are needed at low S to better 
understand this process (Pöschl 2011 and refs therein). 
CCN can potentially be any type of aerosol, therefore the sources of CCN are considered to be the 
same as the sources of aerosols (Andreae & Rosenfeld 2008).The reason that all aerosols can 
potentially act as CCN is because with time, aged particles are highly likely to be large enough to act 
as CCN and/or contain some water soluble compounds. The actual amount of water soluble material 
present in a particle is not important; particles containing only approximately 5 % soluble matter 
have been found to grow into CCN (Abdul-Razzak & Ghan 2005; Ervens, Feingold & Kreidenweis 
2005). As long as particles contain some soluble material or are large enough, then they may grow 
into a CCN. However, some freshly emitted particles (close to their sources) are small and do not 
contain any water soluble substances and therefore cannot act as CCN (or uptake water vapour). 
More observations of atmospheric aerosol sources and atmospheric transformations that enable 
particles to uptake water vapour (or to act as CCN) are required (Anttila 2010).  
Aerosols able to act as CCN will not simply just “grow” into a water droplet unless atmospheric 
saturation conditions are just right. In the atmosphere, an air parcel will move through several 
different atmospheric saturations conditions, mainly by passing through different cloud masses. On 
average, an air parcel will spend a few hours in a cloud and then a few days outside a cloud (Seinfeld 
& Pandis 2012). CCN in their lifetimes (average of about one week) will also pass through different 
air masses containing different atmospheric saturation conditions (i.e. different concentrations of 
water vapour), and this will have an impact on whether they will grow (by condensation of water 
vapour) or shrink (by evaporation of water vapour). On average, CCN will go through approximately 
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5-10 clouds growth/evaporation cycles before they are removed from the atmosphere by 
precipitation (Seinfeld & Pandis 2012).  
1.6 Measurements of CCN  
CCN number concentration can be measured by drawing air into an instrument with a chamber with 
a known S (more detail about the CCN counter used in this study can be found in section 2.2). CCN 
concentration can be influenced by the total number of aerosol particles which can fluctuate over 
several orders of magnitude. However, by dividing CCN concentration by the total number of aerosol 
particles (CN, condensation nuclei) measured with a Condensation Particle Counter (CPC), CCN 
measurements can be normalised and the influence of the number of aerosol particles can be 
eliminated. The resulting parameter is an activation ratio (CCN/CN). Activation ratios are generally 
observed to increase with increasing particle diameter (e.g., Kuwata et al. 2008).While Köhler theory 
calculates critical supersaturation (Sc) theoretically, measurements of activation ratios provide a 
means of calculating Sc through observations.  
By comparing observed or measured CCN concentrations to predicted CCN concentrations 
calculated using Köhler theory, theories relating to CCN activity can be tested. This type of test is 
called a CCN closure study. There are two types of closure studies that are commonly carried out: 
compositional and hygroscopicity closure studies. Hygroscopicity CCN closure studies mostly use 
data generated using a Hygroscopic Tandem Differential Mobility Analyser (HTDMA). Most of the 
time these studies successfully predict the CCN number concentration within ± 30 % (e.g., 
Kammermann et al. 2010; Rissler et al. 2004; Vestin et al. 2007); however, sometimes studies show 
much larger discrepancies (e.g., Ervens et al. 2007; Gasparini et al. 2006; Irwin et al. 2011). 
Compositional CCN closure studies mostly use data from an aerosol mass spectrometer (AMS) 
(Broekhuizen et al. 2006; Cubison et al. 2008; Ervens et al. 2007; Good, Coe & McFiggans 2010; 
Lance et al. 2009; Stroud et al. 2007), but some use filter measurements (Bougiatioti et al. 2009; Liu, 
P et al. 1996). Some studies have conducted both types of closures to compare the differences 
between each technique (e.g., Good, Coe & McFiggans 2010; Jurányi et al. 2013; Mochida, M. et al. 
2006; Mochida, M et al. 2011). Results vary between studies with some comparing well (e.g., Jurányi 
et al. 2013) and others not so well (e.g., Good, Coe & McFiggans 2010), the reasons proposed for the 
discrepancies in the two types of closure studies were variations in surface tension of the aerosol 
(e.g., Mochida, M. et al. 2006) and the mixing state of the aerosol (e.g., Good, Coe & McFiggans 
2010). 
Overall, closure studies attain better results for aged air masses (e.g., Jurányi et al. 2010), where 
aerosol composition is more homogeneous, internally mixed and less size dependent. Theoretically, 
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if all atmospheric particles have the same composition, only activation diameters and size 
distributions of the aerosol population are needed to predict CCN concentration. However, it’s more 
likely that atmospheric aerosol are a heterogeneous mixture of various chemical compositions 
(externally mixed) that are size dependent. In reality, this makes prediction of CCN more complex 
and more information (e.g., size resolved chemical composition and hygroscopicity of the individual 
particle) is needed to accurately predict CCN formation (e.g., Zauscher et al. 2011).  
Lastly, if CCN observations are conducted in the air by aircraft, an aerosol-cloud drop closure study 
can be done. Using these observations a cloud drop model predicts cloud drop concentration using 
observed aerosol particle concentration, size distribution, cloud updraft velocity and thermodynamic 
state. The resulting prediction is compared with the cloud droplet number concentration as a 
function of altitude above cloud base.  
1.7 Observations of CCN from other studies 
We know that in the atmosphere, aerosol particles are composed of complex mixtures of different 
chemical composition, which contain both organic and inorganic, soluble and insoluble compounds 
in varying amounts (McFiggans et al. 2006; Petters & Kreidenweis 2007; Zhang et al. 2007). CCN 
behaviour is relatively well established for particles composed of only inorganic compounds (Clegg, 
Brimblecombe & Wexler 1998; Köhler 1936; Petters & Kreidenweis 2007; Topping, McFiggans & Coe 
2005). There have also been many laboratory studies on the CCN behaviour of organic aerosol 
particles (e.g., Abbatt, Broekhuizen & Kumal 2005; Cruz & Pandis 1997; Huff Hartz et al. 2006; King et 
al. 2009; King et al. 2010; Petters et al. 2006; Prenni et al. 2001; Prenni et al. 2007 and refs therein; 
Shantz, Leaitch & Caffrey 2003; Shulman et al. 1996). Some studies suggest that organic compounds 
may act as insoluble coatings on aerosol particles that may suppress CCN formation of specific 
groups of aerosol particles in the atmosphere by delaying droplet growth and/or by changing 
activation ratios (Feingold & Kreidenweis 2002; Kuwata et al. 2008; Medina & Nenes 2004; Petzold 
et al. ; Xue & Feingold 2004). More recently, studies suggest oxygenated organic aerosols are 
hygroscopic and aid in the formation of CCN (e.g., Engelhart et al. 2012; Hennigan et al. 2011; 
Jimenez et al. 2009; Pratt et al. 2011; Prenni et al. 2007; Suda et al. 2014; Wonaschütz et al. 2013).  
The focus in current literature is to move away from studies conducted in laboratories and to better 
understand realistic mixtures of aerosol particles containing organics, through observational studies 
of atmospheric aerosol particles from different sources. Sources of organic aerosol particles in the 
atmosphere can be primary or secondary with both biogenic and anthropogenic origins.  
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Primary Organic Aerosols (POA) include fossil fuel burning (e.g., from industry or motor vehicle 
exhaust emissions), domestic burning and burning of vegetation (e.g., from bushfires) and 
agricultural waste (Kanakidou et al. 2005; Shantz et al. 2010). These are typically larger particles 
(Kanakidou et al. 2005) and can influence CCN formation in different ways depending on the burn 
conditions (Vestin et al. 2007). Near complete combustion of biomass produces aerosol particles 
that are dominated by inorganic compounds (mostly alkali salts) and soot carbon, while air starved 
or poor combustion conditions lead to formation of a multitude of organic compounds, a large 
fraction which is water soluble (Vestin et al. 2007). POA has also been observed from a marine 
primary source by (O'Dowd et al. 2004), which can be formed from phytoplankton booms and 
bubble bursting producing particles enriched in insoluble and high molecular mass organic matter. 
These particles may also contain Water Soluble Organic Compounds (WSOC) (Bougiatioti et al. 2009). 
WSOC can contribute to CCN properties in 4 ways: 1. contributing to the solute material; 2. altering 
the surface tension of the growing droplet; 3. affecting the wettability of the particle surface; and 4. 
affecting the growth kinetics (Kanakidou et al. 2005; McFiggans et al. 2006; Sun & Ariya 2006). POA, 
initially non-hygroscopic, has been observed to mix with photochemically produced hygroscopic 
compounds which increase the hygroscopicity of aerosol particles and therefore increase their ability 
to uptake water vapour and act as CCN (e.g., Donahue et al. 2012; Engelhart et al. 2008; Jimenez et 
al. 2009; Suda et al. 2014). It has been shown that organic aerosol hygroscopicity increases with the 
oxygenated state of the aerosol and oxygen:carbon ratio increases with photochemical activity 
(Jimenez et al. 2009; Pratt et al. 2011; Suda et al. 2014; Wonaschütz et al. 2013). The time it takes for 
this to occur can be as short as 1-2 hours after emission (Cubison et al. 2011; Wang, J et al. 2010; 
Wonaschütz et al. 2013). 
Secondary Organic Aerosol (SOA) is the more dominant source of organic aerosols in the atmosphere 
in comparison to POA. The sources and formation processes of SOA are poorly understood and are 
the subject of recent research, in particular in regards to CCN formation (Fuzzi et al. 2006; Jimenez et 
al. 2009). The general definition of SOA is aerosol particles formed from the oxidation products of 
organic precursor gases which are semi- or non-volatile and remain in the aerosol phase. Some 
known precursors of SOA are volatile organic compounds (VOCs), terpenes and aromatics 
(Kanakidou et al. 2005). Studies have shown that SOA may act as CCN (Hegg et al. 2001; Huff Hartz et 
al. 2005; Kuwata et al. 2008 and refs therein; VanReken et al. 2005) as well as decrease the 
hygroscopicity of aerosol particles (Dusek et al. 2010) and delay droplet activation in aged 
anthropogenic SOA compared to biogenic SOA (Shantz et al. 2010). More observational studies on 
SOA and CCN are required for a complete understanding of their CCN behaviour. 
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New Particle Formation (NPF) events have also been associated with CCN activity (e.g., Lance et al. 
2013). NPF events result in large numbers of nuclei or Aitken mode aerosol particles in the 
atmosphere over a short period of time that are initially too small to act as CCN and therefore lower 
activation ratios (e.g., Dusek et al. 2010). However, the formation of CCN over time after a NPF 
event, as a result of the large numbers of small aerosol particles, is complicated. For example, 
coagulation of two aerosol particles initially too small to act as CCN can produce one CCN (therefore 
increasing CCN number concentration but decreasing aerosol particle number concentration), while 
coagulation of two CCN would also produce one CCN (therefore decreasing CCN and aerosol particle 
number concentration) (Andreae & Rosenfeld 2008). Observations show that during NPF events, 
smaller sized aerosol particles (diameters between 40-90 nm) become more hygroscopic 
(Wiedensohler et al. 2009) and contain a greater fraction of organic matter (e.g., Dusek et al. 2010), 
whereas the hygroscopicity of larger particles (diameter ~ 190 nm) remains nearly constant 
(Wiedensohler et al. 2009). During NPF events, smaller sized particles acting as CCN (40 nm) can 
surpass by more than a factor of two the corresponding concentrations of 100 nm particles at 0.51 % 
S (Lance et al. 2013). NPF events are commonly observed in the marine boundary layer near forests 
where aerosol number concentrations are very low and there is little opportunity for soluble gases, 
particularly H2SO4, to be deposited onto pre-existing particles (Han et al. 2013; Kulmala et al. 2004). 
However, they have also been observed in urban polluted regions, in the presence of high 
concentrations of gaseous H2SO4, in Bejing (An et al. 2015; Wehner et al. 2004), Pittsburgh (Stanier, 
Khlystov & Pandis 2004), and along the east coast of Australia (Cheung, Morawska & Ristovski 2011 
and refs therein). More observations of NPF events and CCN are required to better understand CCN 
behaviour. 
1.8 Thesis Outline/Project Overview 
The main focus of this thesis is to better understand CCN formation processes of different sources of 
Australian aerosol. The aerosol populations studied are from several sources in three locations in 
Australia: Sydney urban aerosol - which included motor vehicle emissions and SOA (Chapter 3), 
Southern Ocean aerosol (Chapter 4) and Northern Australia tropical biomass burning aerosol 
(Chapter 5). In Chapter 2, the theory of operation of each aerosol instrument used in each of the 
observational field campaigns is explained, as well as methods used for validating data (e.g., 
calibrations). Chapter 3 investigates CCN number concentration at low and high S in an urban 
location, including an analysis of the particle and gas chemistry at the site. Closure studies on 
Southern Ocean biogenic marine aerosol and Northern Australia biomass burning tropical aerosol 
are then presented in chapters 4 and 5, respectively. Information from these very different sources 
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of aerosol have provided a better understanding of the CCN formation of Australian aerosol and may 
lead to a better understanding of aerosol-cloud climate interactions.  
 
R. Fedele, Chapter 2 – Page 23 
Chapter Two: Instrumentation 
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2.1 Introduction 
This research focuses on the observation of Cloud Condensation Nuclei (CCN) concentrations and 
aerosol microphysical properties, including aerosol size distributions and number concentrations 
that took place over three measurement campaigns. In this section I begin with a brief description of 
each measurement campaign. I then describe the key instruments involved in the measurement of 
CCN and aerosol microphysical properties, including processing of data collected by the different 
instruments. The chapter concludes with a brief description of other methods used to produce 
supporting data required to interpret the CCN observations.  
2.1.1 Field measurement campaigns  
Observations of CCN concentrations and aerosol microphysical properties were made during three 
field measurement campaigns that took place in Northern Australia (June 2010), Sydney (February 
2011) and Cape Grim, Tasmania (April 2011). At each of these locations, differing aerosol sources 
dominated: biomass burning aerosol in Northern Australia, fresh urban (motor vehicles and industry 
aerosol emissions) and aged aerosol in Sydney, and background marine aerosol at Cape Grim. Details 
of the sampling locations are provided in chapters 3, 4 and 5, respectively. The instruments used in 
each field campaign are listed in Table 1. Details of the operation of these instruments are presented 
in chapters 3, 4 and 5. Instrument theory, maintenance and data processing methods are explained 
in this chapter. 
Table 1 Instruments used in the field campaigns conducted for this thesis. 
 
Field location and date Instrumentation 
  
June 2010 –  
Gunn Point, NT  
Aerosol: CCN counter, CPC model TSI3772, Nephelometer, SMPS 
(with CPC model TSI3010), MOUDI  
 
February 2011 –  
Westmead, NSW 
Aerosol: CCN counter, CPC model TSI3772, SMPS (with CPC model 
TSI3010), nano SMPS (with CPC model TSI3776), HV 
sampler 
Gas: VOC tubes, Criteria gases (NOx, CO, SO2 and ozone) 
 
April 2011 –  
Cape Grim, TAS 
Aerosol: CCN counter, CPC model TSI3772, SMPS (with CPC model 
TSI3010), nano SMPS (with CPC model TSI3776)  
 
CPC – Condensation Particle Counter 
SMPS – Scanning Mobility Particle Sizer 
MOUDI – Multi Orifice Uniform Deposit Impactor 
HV – High Volume  
VOC – Volatile Organic Compounds 
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2.2 CCN number concentration 
CCN were measured using a Continuous-Flow Stream Wise Thermal Gradient CCN counter from 
Droplet Measurement Technologies Inc. (DMT, model No. 100). In this work the CCN counter was 
operated in two ways. The first mode of operation was as a counter of the total number of ambient 
particles that are able to form CCN at a user specified Supersaturation (S), which is the focus of 
section 2.2. The second mode of operation was to obtain CCN activity spectra, which is described in 
section 2.3. 
2.2.1 CCN counter theory of operation 
The CCN counter has two main components: a Saturation Chamber and an Optical Particle Counter 
(OPC), Figure 1.  The ambient air sample containing particles initially passes through the saturation 
chamber where particles that are able to uptake water vapour grow into droplets (by condensation). 
Droplets leaving the saturation chamber are counted by the OPC if their diameter is larger than 1 
μm.   
 
Figure 1 CCN counter schematic. T1, T2 and T3 are temperature sensors used to control ΔT in the column. 
The saturation chamber is a column contained within the CCN counter where a supersaturated 
environment is created. Supersaturation (S) occurs when relative humidity is greater than 100 % and 
is generated in the column based on the principle that the diffusion of heat is slower than the 
diffusion of water vapour in air (Roberts & Nenes 2005). In the column, S is controlled by a 
Temperature (T) gradient and the presence of water saturated walls. Water vapour diffuses inward 
from the column walls faster than heat diffuses. At any given time S is constant in the column 
because T and the water gradients along the wetted walls are constant. S is greatest in the centre of 
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the column (Roberts & Nenes 2005). As well as being dependent on the T difference between the 
top and the bottom of the column, it is also dependent on the flow rate and absolute pressure in the 
column.  
Particles enter at the top of the saturation chamber and travel down the centre of the column, 
surrounded by filtered, humidified sheath air. Water condenses onto particles as they travel through 
the column, and particles that have a lower critical supersaturation (Sc – defined in section 1.6) than 
the S in the column will activate and grow into detectable sizes (diameters > 1 µm) that can be 
counted by the OPC.  
The OPC contains a laser diode (50 milliwatts, 658 nm wavelength) and a photodiode that is able to 
detect scattered light between 35 and 145 degrees. Particles that pass though the laser scatter light 
over a range of angles. The light scattered by individual particles is dependent on the laser light 
source, the range of detection angles covered by the photodiode, particle shape and size (sensitivity 
is lost for particles smaller than 0.1μm) and the particle refractive index. Particle shape and 
refractive index are difficult to quantify in atmospheric aerosol samples. However, because particles 
pass through the saturation chamber before entering the OPC, detectable particles grow into 
spherical droplets and therefore have a known shape and refractive index. Because each particle will 
uptake water at different rates, particles will grow to different sizes in this instrument and the OPC 
allows for this and counts droplets in 20 size bins/fractions with upper cut off diameters ranging 
from 0.75 to 10 μm. 
2.2.2 CCN counter maintenance, calibrations and checks 
Flow calibrations were performed on the CCN counter prior to commencing each sampling campaign 
using a calibrated bubble flow meter (Gillian Gilibrator-2). The inlet on the CCN counter has a flow of 
500 cm3/min. This flow is split into two main flow paths, a sample flow (45 cm3/min) and a sheath air 
flow (450 cm3/min). To ensure optimum instrument performance the instrument is typically run with 
a flow ratio of 10 parts of sheath air to 1 part of sample air. However, at Cape Grim because of low 
particle numbers the sheath and aerosol flows were adjusted to allow for less dilution and the 
instrument was operated at a flow ratio of 7.5 parts of sheath air (473.5 cm3/min) to 1 part of 
sample air (62.5 cm3/min). Even at the lower flow ratio the inlet flow remained 500 cm3/min.  
A leak check was also conducted prior to commencement of each field campaign. During the leak 
check the inlet was blocked and pressure was reduced inside the CCN counter from ambient (~1000 
mb) to 400 mb. The inability of the instrument to reach 400 mb, indicates the presence of a leak. 
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Once at 400 mb, the CCN counter passed a leak check if the pressure increased by no more than 5 
mb per second. The CCN counter passed all leak checks during this study.  
S in the column was calibrated following the van’t Hoff (VH) factor model VH4 described by Rose et 
al. (2008) with nebulised, size selected ammonium sulfate particles, and is discussed in detail in 
section 2.3.2.  
 
Figure 2 CCN counters comparison 
 2.2.3 CCN counters comparison 
During the Cape Grim campaign two CCN counters were used. One for ambient air (this CCN counter 
is always located at Cape Grim) and another for the collection of CCN activity spectra (this is the field 
CCN counter used in all three field campaigns). For a period at Cape Grim, both CCN counters were 
run side by side measuring ambient CCN concentrations at 0.68 % S and 0.69 % S for comparison. 
The CCN counter comparison was conducted for approximately 18 hours (overnight on the 4-5 April 
2011). Both the Cape Grim and field CCN counters were operated under the same flow conditions 
with a flow ratio of 10. Figure 2 shows results of the comparison, in one minute average CCN 
concentrations. While both counters are well correlated (R2 = 0.93), the Cape Grim CCN counter was 
counting approximately 20 % lower than the field CCN counter. The difference between the two 
instruments may be explained by variation in S between the two instruments. The number of CCN 
increases with S based on the power law formula: 
𝐶𝐶𝑁𝑆 = 𝐶𝐶𝑁1.0 ∙ 𝑆
𝑘         (8) 
Andreae (2009) uses k equal to 0.5 for continental aerosols and 0.4 for marine aerosols. Variation in 
S may occur in the CCN counter because of variations in inlet flow, the temperature change across 
the column (ΔT) and atmospheric pressure. Roberts and Nenes (2005) showed that variation of 10 % 
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in inlet flow, ΔT and pressure resulted in variations in S of 10 %, 13.25 % and 4.5 % respectively. 
Errors in S are estimated to be + 5 % based on the variability in column top temperatures during field 
campaigns (Rose et al. 2008). 
2.3 CCN activity  
CCN activation or droplet activation is the point at which a particle grows unhindered by uptake of 
water vapour into a CCN or droplet. In a certain air mass, there will be enough water vapour 
available (or high enough saturation ratio) to tip the equilibrium between air and a particle to cause 
a continual growth (by condensation of water vapour) of the particle to form into a cloud droplet. 
The point at which this unhindered growth begins is called activation. At activation, provided that 
the saturation ratio remains greater than the critical supersaturation of the particle, the particle will 
continue to grow by condensation into a cloud droplet. This theory has been discussed in section 
1.6. 
 
Figure 3 CCN activity spectra for ammonium sulfate aerosol showing a double charge plateau at the beginning 
of each spectrum. Dot points are raw data collected during the CCN counter supersaturation (S) calibration 
conducted on 22nd of March 2011, dashed lines are the fitted distributions used to calculate activation 
diameters (Da). 
CCN activity spectra are plots of particle size versus activation ratios (Figure 3) measured at one 
particular S. Activation ratios can be determined by comparing the CCN concentrations to the total 
particle number concentration (CN) measured by a Condensation Particle Counter (CPC), calculated 
by dividing the number of CCN by the number of particles (CCN/CN) at each particle size. CCN 
activity spectra provide a means of measuring the Activation Diameter (Da) of the aerosol. In this 
case, Da becomes the diameter observed at a particular S when the activation ratio equals 0.5. The 
Da from CCN activity spectra is the minimum size a particle needs to be in an aerosol population in 
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order to grow into a CCN at a specified S. Theoretically if the particle composition is internally mixed 
(e.g. all one type of particle) then all particles with diameters greater than Da will activate and grow 
to become CCN.  
CCN activity spectra were measured by coupling a CCN counter with a Condensation Particle Counter 
(CPC) and an Electrostatic Classifier (EC). The CCN counter and CPC are operated in parallel and the 
EC placed upstream of both (Figure 4). The aerosol sample first passes through the EC which 
classifies the aerosol into different size bins according to their electrical mobility. After exiting the 
EC, the classified particles are counted by both the CCN counter and CPC to determine CCN and 
particle number concentration (CN), respectively, at each classified size bin. This instrument set up is 
referred to throughout this thesis as an EC-CCN-CN system.   
 
Figure 4 Schematic of the EC-CCN-CN system.   
The EC-CCN-CN system included customised software to operate the EC, which collected raw data. 
Several calculations were then required to process the raw data. A description of the EC follows in 
this section, as well as the theory behind the calculations used to process raw data. This will be 
followed by a description of the CCN counter S calibration, which uses the EC-CCN-CN instrument set 
up. The section will conclude with a description of effective activation diameters (Daeff), which is 
another method for determining Da.  
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2.3.1 Electrostatic Classifier theory of operation 
The Electrostatic Classifier (EC) is made up of two components (Figure 4), a Kr-85 bipolar ion 
neutraliser and a Differential Mobility Analyser (DMA). The aerosol sample first passes through the 
Kr-85 bipolar ion neutraliser, which produces a known equilibrium charge distribution on the 
aerosol, defined in section 2.3.1.3. The aerosol is charged or neutralised by exposure to a constant 
concentration of small gas ions produced by the radioactive decay of the Kr-85 source. This 
neutralised aerosol then enters the DMA.  
Inside the DMA are two cylinders, one inside the other. The outer cylinder is kept at ground 
potential, while the inner cylinder is connected to a negative power supply (0 to 10,000 V), creating 
an electric field between the cylinders. The voltage applied to the negatively charged cylinder is 
determined by the operator. Filtered, flow controlled, laminar sheath air flows in the space between 
the cylinders. Aerosol particles enter through a slit next to the top of the outer cylinder. Negatively 
charged particles are repelled towards and deposited onto the outer cylinder. Neutral particles exit 
the DMA with the sheath air. Positively charged particles move rapidly across the sheath air towards 
the negatively charged inner cylinder. A narrow, open slit near the bottom of the inner cylinder, is a 
gateway for the positively charged particles with a narrow range of electrical mobility based on their 
trajectory across the sheath air. The positively charged particles that pass through the inner cylinder 
slit then enter the CPC and CCN counter where they are counted. Different voltages result in 
different electric fields in the DMA, because aerosol size is a function of a particle’s electrical 
mobility, different sized particles exit the slit at the bottom of the DMA at different voltages. 
Therefore, by changing the voltage settings in the DMA over a defined time, the number 
concentration over a range of electrical mobilities (or a range of particle sizes) is measured. 
2.3.1.1 Electrical mobility in the DMA 
Electrical mobility is defined as the migration velocity of a charged particle in an electric field. The 
electrical mobility of particles exiting the DMA can be determined from the size of the DMA, the 
sheath flow through the DMA and the voltage applied using the following equation developed by 
Knutson and Whitby (1975) 
𝑍 =  
𝑄𝑠∙ln 𝑅2 𝑅1  
2∙𝜋∙𝑉∙𝐿
        (9) 
Z = electrical mobility (m2/V·s) (or s2·A/kg) 
Qs = sheath air flow rate (e.g. 11 L/min * 1.67 x 10
-5 = 0.000183 m3/s)  
R1 = inner radius of annulus (0.937 cm for long DMA) 
R2 = outer radius of annulus (1.958 cm for long DMA)  
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V = centre rod voltage or applied voltage (V) 
L = DMA length (0.44369 m for long DMA) 
note: 1 V = 1 m2·kg / s3·A 
Once the electrical mobility of particles exiting the DMA is known, the corresponding diameters of 
the particles can be determined using the relationship between electrical mobility and particle 
diameter. 
2.3.1.2 Electrical mobility and particle diameter 
The electrical mobility of a particle is dependent on the particle diameter, Dp, as well as the number 
of charges the particle holds and can be determined using the following equation (Baron & Willeke 
2001) 
𝑍 =
𝑛∙𝑒∙𝐶𝑐
3∙𝜋∙𝜂 ∙𝐷𝑝
         (10) 
 
Z = mobility (m2/V·s) (or s2·A/kg) 
n = number of charges on the particle  
e = charge on a singly charged particle = 1.609 x 10-19 °C (or A·s) 
Cc = Cunningham slip correction factor 
η = gas viscosity of air at STP (1.8 x 10-5 kg/m·s) (Seinfeld & Pandis 2012)  
Dp = diameter of particle (m) 
The Cunningham slip correction factor, Cc, can be calculated using the following equation (Baron & 
Willeke 2001) 
𝐶𝑐 = 1 + 𝐾𝑛 ∙  𝛼 + 𝛽 ∙ exp(−𝛾 𝐾𝑛)         (11) 
For solid particles, α = 1.142, β = 0.558 and γ = 0.999  
The Cc takes into account that gases are not continuous fluids but consist of molecules that may 
interfere with the movement of a particle through the gas phase. When the particle size approaches 
the mean free path of the gas molecular motion (transition or slip regime), Cc is used to take the 
‘slip’ between the particle and the gas into account. Equation 11 calculates Cc of approximately 1 for 
particle diameters > 1 μm. Knudson number (Kn) is calculated from the mean free path (λ) and the 
particle diameter 
𝐾𝑛 =  
2∙𝜆
𝐷𝑝
         (12) 
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The λ of air at standard temperature, T (298 K), and pressure, P (1 atm = 1013.25 mb), is 6.51 x 10-8 
m (Seinfeld & Pandis 2012). Therefore for the λ in meters at ambient T and P can be calculated by 
𝜆 =  
6.51×10−8 ∙𝑇∙1013.25
𝑃∙298
       (13) 
Equation 10 suggests that smaller particles have larger electrical mobilities (and therefore travel 
faster in an electric field) than larger particles. However, a particle with multiple charges will move 
faster in an electric field than a particle, of the same size with a single charge. Consequently, 
particles having the same electrical mobility can vary in size depending on their charge, making it 
necessary to know the charge of the particle in order to accurately determine the size distribution. 
2.3.1.3 Particle charge and particle diameter 
The initial charge of ambient aerosol particles is rarely known; the aerosol must therefore be 
conditioned to produce a known charge state before entering the DMA. This is done with the bipolar 
charger / neutraliser located upstream of the DMA which uses radioactive decay, from a Kr-85 
source to produce an environment where ions are freely available to interact with particles passing 
through it. Upon collision with a particle, these ions may increase or decrease a particle’s charge 
(Baron & Willeke 2001). If the particles and ions reach equilibrium, which readily occurs in the 
neutraliser, the aerosol will form a Boltzmann charge distribution (Figure 5), or a known equilibrium 
charge distribution. 
 
Figure 5 Boltzmann charge distributions (Baron & Willeke 2001). Left: for particles with an aerodynamic 
diameter of 0.01 µm, 0.1 µm and 1 µm; Right: Percent of particle charges on aerosol particles according to 
Boltzmann's Law. 
According to Boltzmann’s Law, as the size of a particle increases, so does the number of charges that 
particle may hold. Figure 5 shows virtually all particles with an aerodynamic diameter of 0.01 μm 
consist of neutral charge with some singly charged particles. Particles with an aerodynamic diameter 
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of 0.1 μm consist primarily of neutral, singly and doubly charged particles. Particles with an 
aerodynamic diameter of 1 μm contain several more charges.  
Based on the maximum diameter of particles classified by the DMA (approximately 700 nm), most 
particles can be expected to have either a single positive, single negative, or neutral charge. 
However, a small fraction of the particles will have a double charge. The presence of doubly charged 
particles means that two sizes of aerosol particles may exit the DMA at any one time (Figure 6 is an 
example of this) and this affects the particle number distribution and also CCN activity spectra. In 
order to accurately determine the particle number distribution, by the simplest derivation, the 
particle number distribution is determined for only singly charged particles. This also applies for CCN 
activity spectra.  
 
Figure 6 Fraction singly and doubly positively charged particles exiting the DMA at three electrical mobilities; 
showing the size of the singly and doubly charged particles for each mobility. SMPS had an aerosol flow of 0.3 
L/min and a sheath flow of 3 L/min during these measurements.  
When looking at CCN activity spectra (Figure 3), particles containing a double charge can be seen as 
the plateau at the beginning of the spectrum (Rose et al. 2008). The height of the plateau depends 
on the shape and number size distribution. When the distribution is broad, there are more larger 
sized particles present than in a narrow distribution and the plateau appears higher, which also 
indicates a larger fraction of doubly charged particles. 
The effect of double charged particles in CCN activity spectra is removed by fitting data to an s-
shaped function (Winklmayr, Wang & John 1990) 
 𝐸 𝐷𝑝 =  1 +  
𝐷𝑎
𝐷𝑝
 
2𝑠𝑡
 
−1
           (14) 
Dp = aerodynamic diameter (m) 
Da = activation diameter (m) 
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st = steepness of s-shape 
E = fitted activation ratio for each size bin 
The best fit curve is calculated by determining the minimum mean square error between the 
measured and predicted activation ratios for all diameters and minimising this error using the Solver 
function in Excel1. The fitted s-shaped function can be seen as the dotted lines in Figure 3. The 
calculation of this function also provides a means of calculating Da. 
2.3.1.4 EC maintenance, calibrations and checks 
Flow rate is a key determinant of the size of particles exiting the DMA column, the EC has four main 
flows (Figure 4 and Figure 11): sheath flow, excess flow, poly-dispersed aerosol in flow and mono-
dispersed aerosol out flow. The sheath and excess flows are equal and the poly-dispersed in and 
mono-dispersed out aerosol flows are equal and are operated at a 1:10 ratio (sheath to 
monodisperse out); with the exception of the EC-CCN-CN system while at Cape Grim, when used 
here this ratio was reduced to 1:7 because of low particle numbers. Leak tests and flow 
checks/calibrations were be performed at the beginning of each sampling campaign. Flow checks 
were also performed periodically (at least once a week) throughout each sampling campaign. 
 
Figure 7 Nebuliser/PSL schematic. 
To verify the performance of the EC, periodic particle size calibration checks were performed using a 
polystyrene latex (PSL) solution. The PSL solution contains diluted PSL spheres which are mono-
disperse in size. The size of the PSL spheres in solution used in the EC calibrations in this study were 
109 nm and 330 nm. The PSL solution was poured into a nebulizer or atomizer vessel after which the 
mist produced passed through a drier before entering the EC for analysis (this set up is shown in 
                                                             
1 The raw data was processed using customised software to produce a working file to use in Excel to calculate 
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Figure 7). The highest point on the distribution produced by the EC during this calibration should be 
the same as the size of the PSL spheres. 
2.3.2 CCN counter Supersaturation (S) calibration 
The CCN counter was calibrated with nebulised, size selected ammonium sulfate particles, using the 
van’t Hoff (VH) factor model VH4 as described in Rose et al. (2008). The ammonium sulfate solution 
was delivered into the EC in the same way as the PSL solution (Figure 7 is a schematic of this set up). 
The S in the CCN counter column is controlled by the temperature gradient in the CCN counter 
column. During the calibrations five different temperature gradients were set in the CCN counter so 
that the resulting S values covered the range 0.14 to 1.15 %. Temperature gradients used in the 
calibration were the same as those used in the field campaigns: 3.18, 5.21, 8.60, 11.98, and 14.01. 
At each temperature gradient a CCN activity spectra was collected using a calibration aerosol 
solution of 0.1 % w/v ammonium sulfate [(NH4)2SO4]. The CCN counter was operated at total flow of 
0.5 with sheath to aerosol flow ratio of 10:1. The CCN concentration at each voltage/particle 
diameter was held for 5 minutes, and between 14 and 21 voltages/particle diameters were used in 
each temperature gradient. Figure 3 shows results of the calibration. S was calculated by obtaining 
the Da for ammonium sulfate aerosol at each temperature gradient using the VH4 model (Rose et al. 
2008) described below. Starting with the following equation 
𝑠 = exp  
𝐴
𝐷𝑤𝑒𝑡
−
𝐵
𝐷𝑤𝑒𝑡
3            (15) 
In equation 15, s is the saturation ratio of water in air. When s > 1, the air becomes supersaturated 
and supersaturation (S) can be defined as  
𝑆 =  𝑠 − 1 ∙ 100 %             (1) 
Dwet is the diameter of a particle that has already taken in water vapour and formed an aqueous 
solution droplet in sub-saturated conditions (e.g. when s < 1). This is typical for particles consisting of 
soluble and hygroscopic substances such as ammonium sulfate. The ratio of the droplet diameter, 
Dwet, to the diameter of a compact spherical particle consisting of only the dry solute, Ds (mass 
equivalent diameter of the dry solute particle), is defined as the (mass equivalent) growth factor of 
the dry solute particle, gs: 
𝑔𝑠 =
𝐷𝑤𝑒𝑡
𝐷𝑠
=  
𝜌𝑠
𝑥𝑠∙𝜌𝑠𝑜𝑙
 
1
3 
            (16) 
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Where xs is the mole fraction of solute in the aqueous particle. In this calibration, Ds is assumed to 
equal Da. ρs is the density of ammonium sulfate (ρAS) = 1770 kg·m
-3. ρsol was approximated to equal 
ρω and ρω is calculated using the following equation  
𝜌𝜔 =
𝐴0+𝐴1 ∙𝑡+𝐴2 ∙𝑡
2+𝐴3 ∙𝑡
3+𝐴4∙𝑡
4+𝐴5 ∙𝑡
5
1+𝐵∙𝑡
          (17) 
Where t is the ambient temperature recorded at the top of the CCN column (T1) in °C. The 
polynomial coefficients used to calculate density (ρω) of water as a function of T are listed below 
A0  999.8396 kg·m
-3 
A1  18.224944 kg·m
-3·°C-1 
A2  -7.92E-03 kg·m
-3·°C-2 
A3  -5.54E-05 kg·m
-3·°C-3 
A4  1.50E-07 kg·m
-3·°C-4 
A5  -3.93E-10 kg·m
-3·°C-5 
B  1.82E-02 °C-1 
 
xs is determined by 
𝑥𝑠 =
𝑚𝑠
𝑚𝑠+𝑚𝜔
                          (18) 
Where  
𝑚𝑠 =
𝜋
6
∙ 𝜌𝑠 ∙ 𝐷𝑠
3                                      (19) 
𝑚𝑠 =
𝜋
6
× 1770 𝑘𝑔 ∙ 𝑚−3 × 𝐷𝑎
3(𝑚3) 
And 
𝑚𝜔 = 𝑀𝜔 ∙ 𝑛𝜔                             (20) 
= 0.0180153 𝑘𝑔 ∙ 𝑚𝑜𝑙−1 × 𝑛𝜔 𝑚𝑜𝑙   
mω requires calculation of nω and nω is dependent on mω .  
Then A from equation 15 is calculated according to 
𝐴 =
4∙𝜍𝜔 ∙𝑀𝜔
𝜌𝜔 ∙𝑅∙𝑇
              (21) 
𝐴 =
4 × 𝜍𝜔   𝐽 ∙ 𝑚
2 × 0.0180153 𝑘𝑔 ∙ 𝑚𝑜𝑙−1
 𝜌𝜔 (𝑘𝑔 ∙ 𝑚−3) × 8.31447215 𝐽 ∙ 𝐾−1 ∙ 𝑚𝑜𝑙−1 × 𝑇(𝐾)
 
where T = ambient temperature as recorded at the top of the CCN counter column (T1) in K and 
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𝜍𝜔 = 0.0761 𝑁 ∙ 𝑚
−1 − 𝛾𝑡 𝑇 − 273𝐾                       (22) 
where 𝛾𝑡 = 1.55 × 10
−4𝑁 ∙ 𝑚−1 ∙ 𝐾−1  
B from equation 15 is calculated according to 
 𝐵 =  
𝑖𝑠∙𝑀𝜔 ∙𝜌𝑠∙𝐷𝑠
3
𝑀𝑠∙𝜌𝜔
              (23) 
𝐵 =
𝑖𝑠 × 0.0180153 𝑘𝑔 ∙ 𝑚𝑜𝑙
−1 × 1770 𝑘𝑔 ∙ 𝑚−3 × 𝐷𝑎
3 𝑚3 
0.1321395 𝑘𝑔 ∙ 𝑚𝑜𝑙−1 × 𝜌𝜔 (𝑘𝑔 ∙ 𝑚−3)
 
is = van’s Hoff factor, has no units and is dependent on µs. µs is the chemical potential of solute in 
aqueous droplet. 
For µs > 1;     𝑖𝑠 = 0.021 ∙ 𝜇𝑠
2 − 0.0428 ∙ 𝜇𝑠 + 1.9478                             (24) 
For µs ≤ 1;     𝑖𝑠 = −0.007931 ∙ log
2𝜇𝑠 − 0.1844 ∙ log𝜇𝑠 + 1.9242          (25) 
𝜇𝑠 =
𝜋∙𝜌𝑠∙𝐷𝑠
3
6∙𝑀𝑠∙𝑛𝜔 ∙𝑀𝜔
                                                                                                  (26) 
𝜇𝑠 =
𝜋 × 1770 𝑘𝑔 ∙ 𝑚−3 × 𝐷𝑎
3(𝑚3)
6 ×  0.1321395 𝑘𝑔 ∙ 𝑚𝑜𝑙−1 × 𝑛𝜔(𝑚𝑜𝑙) × 0.0180153 𝑘𝑔 ∙ 𝑚𝑜𝑙
−1 
μs also requires calculation of nω which is dependent on mω. The Solver function in Excel is used to 
vary μs until the maximum value of s is calculated; in the process nω is also calculated. 
2.3.3 Effective activation diameters (Daeff) 
Da can also be determined from aerosol size distributions and CCN concentrations. Da calculated in 
this way is referred to the effective activation diameter (Daeff) throughout this thesis. Daeff were 
calculated by integrating the particle number size distribution down from the largest size bin until 
the summed number concentration is equal to the measured CCN number concentration. The size 
arrived at is the calculated Daeff. This is based on the fact that Daeff is the minimum possible particle 
size that can activate and grow into a droplet by uptake of water vapour, therefore all particles 
greater in size, theoretically should be CCN active. Particles smaller in size than Daeff are not 
considered to be able to act as CCN at the specified S. 
2.4 Aerosol number concentration 
Particle number concentration was measured using Condensation Particle Counters (CPCs). Several 
models of CPC were used in this study. Table 2 lists the models and specifications of each CPC. Some 
CPCs were used to count the total number of particles in ambient air and some were used as part of 
other more complex instrument set ups (such as EC-CCN-CN or SMPS). Generally CPCs used in this 
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study can be divided into two categories, CPCs with an aerodynamic 50 % cut off diameter of 10 nm 
(CN10) and ultrafine CPCs with an aerodynamic 50 % cut off diameter of 3 nm (CN3). These sizes are 
the minimum size particle detected by each CPC. In this section, the theory of operation of CPCs will 
be discussed, as well as a comparison conducted on all of the CPCs used in the study. Lastly, a CPC 
flow correction required for raw data obtained under certain operating conditions used throughout 
the study is explained.  
Table 2 Models and specifications of each of the CPCs used in the comparison. 
 
2.4.1 CPC theory of operation 
In general CPCs have three main components (Figure 8): a heated saturator chamber (saturator 
block), a cooled condensing chamber (condensing block) and an Optical Particle Counter (OPC: laser 
and light scattering detector photodiode). The aerosol sample passes through the heated saturator 
chamber first, then the cooled condensing chamber and finally through the OPC, where individual 
particles are counted.  
 
Figure 8 Schematic of the CPC. 
The heated saturator chamber contains a heated liquid reservoir of butanol which the ambient air 
sample passes over. The liquid alcohol is heated so that it evaporates into the air space in the 
chamber where the aerosol sample passes through. The aerosol sample, along with the alcohol 
vapour, passes through the heated saturator chamber and enters the cooled condensing chamber. 
In the cooled condensing chamber the alcohol vapour becomes supersaturated and condenses onto 
CPC Model Location 50% cut off diameter (d50) Operation 
    
TSI3010 Cape Grim 10 nm ambient air  
TSI3010 Field  10 nm SMPS 
TSI3772 Field  10 nm ambient air and EC-CCN-CN 
TSI3025A Cape Grim 3 nm ambient air 
TSI3776 Field 3 nm nano SMPS 
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the particles, and creates supersaturation conditions (greater than 400 % RH) where all particles will 
grow into detectable sizes by condensation.  
The OPC counts individual particles by exposing particles to a laser (or light emitting diode) source 
and detecting the scattered light each particle produces over a range of angles, similar to the OPC in 
the CCN counter. However, as the aerosol passes through the condensing chamber in the CPC, 
particles grow into spherical droplets of approximately the same size, and therefore this OPC only 
counts the total number of droplets as opposed to a distribution as in the CCN counter. These 
particles/droplets are typically called Condensation Nuclei (CN). 
The minimum size particle that liquid alcohol may condense onto is dependent on supersaturation in 
the condensing chamber and Kelvin diameter (described in section 1.4.3). If the supersaturation is 
high enough condensation will occur even without particles, this is called homogeneous 
condensation and results in liquid droplets being formed without particles acting as nuclei, therefore 
a false measurement. Supersaturation in the CPC is controlled to a point where condensation will 
only occur on particles. Supersaturation in the chamber is non uniform but highest in the middle. 
Ultrafine CPCs control aerosol sample flow down the centre of the condensing chamber where 
supersaturation is highest, which creates very high detection efficiency of particles with diameters as 
small as 3 nm.  
2.4.2 CPC comparison 
During each of the field campaigns conducted for this work, three CPCs were used. Two CPCs were 
always used in SMPS systems, and one was split between either ambient air measurements (i.e. run 
on its own) or in the EC-CCN-CN system. At Cape Grim, there are always two CPCs in operation 
measuring ambient air. All of these CPCs (five in total) were operated side by side at Cape Grim over 
a four day period (18-21 March 2011), measuring ambient air, to compare their counting 
efficiencies. As described above, CPCs are classified by their 50 % lower cut off diameter (d50). In 
this comparison, CPCs were compared in two groups: those with d50 equal to 10 nm and those with 
d50 equal to 3 nm.  
Figure 9 shows results for the comparison, in one minute average CN concentrations, for the three 
CPCs with d50 equal to 10 nm. The Cape Grim CPC model TSI3010 recorded the highest CN 
concentrations. The field CPC TSI3772 was reading 8 % lower than the Cape Grim CPC model TSI3010 
and the field CPC model TSI3010 was reading 14 % lower. Therefore the two field CPCs with d50 
equal to 10 nm were operating within 6 % of each other. Both field CPCs showed significant 
correlations (R2 = 0.97 and 0.99) with the Cape Grim CPC.   
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Figure 9 Results of the CPC comparison, showing CPCs with d50 = 10 nm. 
The results from the comparison of the two CPCs with d50 equal to 3 nm were not so 
straightforward. Two relationships are evident between the two CPCs shown in Figure 10. This 
comparison showed that the field CPC model TSI3776 was recording CN concentrations much lower 
than actual ambient concentrations. In the first relationship which occurred for most of the time, the 
field CPC TSI3776 was counting only 78 % of the number of particles counted by the Cape Grim CPC 
TSI3025A. The second relation was not as common as the first and during these times the field CPC 
TSI3776 was counting only 16 % of the number of particles counted by the Cape Grim CPC TSI3025A. 
This comparison shows that there was a problem with the field CPC TSI3776. This CPC was only used 
for the nano SMPS system (described in section 2.5) which wasn’t a primary instrument in this study. 
The sole purpose of the nano SMPS measurement was to show the lower end of the aerosol size 
distribution unable to be measured by the SMPS (for particles less than 15 nm in size). This size 
aerosol is too small to be considered significant for CCN analysis. 
2.4.3 CPC flow correction 
The flow rate on the CPC inlet is fixed at 1 L/min. However, during some of the field campaigns the 
CPC inlet was operated with a split flow. For example, at Gunn Point, the CPC was operated with an 
aerosol flow rate of 0.6 L/min and a filtered make up flow of 0.4 L/min so that the CPC inlet flow 
combined with the CCN counter inlet flow controlled the aerosol flow into the DMA in the EC-CCN-
CN system. In this example, only 0.6 L/min of ambient air entered the inlet and the remaining 0.4 
L/min that made up the 1 L/min inlet flow was filtered particle free air. The program that operated 
and collected data from the CPC did not allow for dilution in the calculation of concentration, 
therefore a correction was applied to the raw data to obtain the correct concentration in 
particles/cm3.  
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An example calculation follows, the concentration automatically calculated by the CPC program 
(CNCPC) based on 1 L/min is  
𝐶𝑃𝐶 𝑐𝑜𝑢𝑛𝑡𝑠
1 𝐿 ∙ 𝑚𝑖𝑛−1 × 1𝑠
=
𝐶𝑃𝐶 𝑐𝑜𝑢𝑛𝑡𝑠
16.6667 𝑐𝑚3 ∙ 𝑠−1 × 1𝑠
=
𝐶𝑃𝐶 𝑐𝑜𝑢𝑛𝑡𝑠
16.6667 𝑐𝑚3
= 𝐶𝑁𝑐𝑝𝑐  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 · 𝑐𝑚
−3) 
However, when using 0.6 L/min of sample air and 0.4 L/min of filtered particle free air, what is 
actually being measuring is (CNreal) 
𝐶𝑃𝐶 𝑐𝑜𝑢𝑛𝑡𝑠
0.6 𝐿 ∙ 𝑚𝑖𝑛−1 × 1𝑠
=
𝐶𝑃𝐶 𝑐𝑜𝑢𝑛𝑡𝑠
10 𝑐𝑚3 ∙ 𝑠−1 × 1𝑠
=
𝐶𝑃𝐶 𝑐𝑜𝑢𝑛𝑡𝑠
10 𝑐𝑚3
= 𝐶𝑁𝑟𝑒𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 · 𝑐𝑚
−3) 
Therefore in order to calculate the correct concentration (CNreal) 
𝐶𝑁𝑐𝑝𝑐  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∙ 𝑐𝑚
−3 × 1 𝑙 ∙ 𝑚𝑖𝑛−1 = 𝐶𝑃𝐶 𝑐𝑜𝑢𝑛𝑡𝑠 = 𝐶𝑁𝑟𝑒𝑎𝑙  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∙ 𝑐𝑚
−3 × 0.6 𝑙 ∙ 𝑚𝑖𝑛−1 
𝐶𝑁𝑟𝑒𝑎𝑙  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∙ 𝑐𝑚
−3 =
𝐶𝑁𝑐𝑝𝑐  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∙ 𝑐𝑚
−3 × 1 𝑙 ∙ 𝑚𝑖𝑛−1
0.6 𝑙 ∙ 𝑚𝑖𝑛−1
 
 
Figure 10 Results of CPC comparison, showing CPCs with d50 = 3. 
2.5 Aerosol size distributions 
Aerosol number size distributions were measured with Scanning Mobility Particle Sizer (SMPS) 
systems for particles in the range 3 nm to 700 nm. Because atmospheric aerosol particles span a 
large size range, it is impossible to measure all atmospheric aerosol particles with a single 
instrument and to measure the aerosol distribution between 3 nm and 700 nm two SMPS systems 
were used: the first, referred to throughout this thesis as the SMPS, measured particles from 14 nm 
to 700 nm; the second, referred to throughout this thesis as the nano SMPS, measured particles 
from 3 nm to 250 nm. The main difference between the SMPS and nano SMPS is the DMA column 
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length (the SMPS column length is 0.44 m and the nano SMPS column length is approximately 0.2 
m). Column length influences the size of the particles that exit the EC based on equation 9 and the 
electrical mobility in the DMA.  
 
Figure 11 Schematic of SMPS flows 
SMPS systems consist of an EC and CPC. The purpose of the EC, as explained in section 2.3.1, is to 
separate airborne particles into different size bins according to their electrical mobility. After exiting 
the EC, the classified particles are then counted by the CPC to determine the particle number 
concentration at each classified size bin. In order to obtain the broadest size distribution the SMPS 
was operated with a poly-disperse/mono-disperse aerosol flow of 300 cm3/min and a sheath/excess 
flow of 3000 cm3/min (Figure 11). Concentrations in each size bin were plotted against the midpoint 
size (or particle diameter) in each bin to create a particle number size distribution. SMPS instruments 
were operated using Aerosol Instrument Management Software (AIMS) which factors in all of the 
corrections described in section 2.3.1 required for particles exiting the EC.  
As the instruments that make up the SMPS have already been described in detail (EC in section 2.3.1 
and CPC in section 2.4), in this section an instrument comparison is discussed followed by a 
discussion explaining SMPS data processing and size distribution functions.   
2.5.1 SMPS comparison 
The two SMPS systems were compared over three and a half weeks in December 2010 and January 
2011. The summed concentration of particles in the range 15.1 to 156.8 nm (a range measured by 
both instruments) was compared in Figure 12. The main difference between the two SMPS systems 
was the age of the neutralisers, one being < 6 months old, and the second being almost 10 years old. 
The half life of Krypton-85 is approximately 10.75 years so that with age the efficiency of the 
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neutraliser can be expected to decrease. However, in this case the new system appeared to count 12 
% lower than the old system, with significant correlation (R2 = 0.94).  
Comparison of the mode diameters measured by each SMPS is shown in Figure 12. The mode 
diameter is the centre point or highest point of the mode in the distribution. Both instruments were 
calibrated using PSL spheres prior to the comparison. Figure 12 shows the hourly averaged 
calculated modes from both systems are significantly correlated (R2 = 0.9). Overall the trend in 
Figure 12 shows that the new SMPS was measuring mode diameters 20 % larger than the old SMPS. 
However, when looking at the differences between individual mode diameters measured by the two 
instruments, sometimes the old SMPS measured larger mode diameters than the new SMPS. 
Fluctuations between individual hourly averaged mode diameters ranged from negligible to up to + 
78 %, with an average value of + 14 %.   
 
Figure 12 SMPS comparison. Left figure: total concentration measured (n = 5227 raw data (5 minute samples)); 
Right figure: mode diameters (n = 344 hourly averages). 
2.5.2 Size distribution functions 
As described above, the SMPS creates aerosol size distributions by separating particles into discrete 
intervals and calculating the number of particles in each size bin. By the simplest means, size 
distributions can be presented by plotting the number of particles (N) for each particle diameter (Dp) 
or for each size bin, for example as a histogram plot. However, aerosol size distributions are rarely 
presented this way. This is because aerosol sizes span over four orders of magnitude, the range of 
sizes is too wide and information on the distribution can be lost if too few bins are chosen. Typically 
size distributions are plotted with the diameters in a logarithmic scale to account for the large range 
in diameters.  
It can also be difficult to compare size distributions containing bins of different widths. For this 
reason, instead of simply plotting the number of particles (N), size distribution functions, n(Dp) and 
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n(logDp), are more commonly used to present the data in a more meaningful way. This is achieved 
by normalising the data by the size range of particles in each bin. For example, n(Dp) = dN/dDp or 
ΔN/ΔDp. When plotting the data on a logarithmic scale size distribution functions become 
dN/dlogDp or nN(dlogDp). Units are in particles/cm
3. 
dN/dlogDp simply means the number of particles between logDp and d logDp. The two size 
distribution functions n(Dp) and n(logDp) can be calculated from each other through the following 
relation  
dN/dDp(Dp1) = dN/dlogDp(Dp1) * (log(Dp2)-log(Dp1))    (27) 
The size distribution can be of any aerosol property, for example surface area (dA), volume (dV) and 
mass (dM). If you know the number distribution and assume the particles are spherical, the other 
distributions can be calculated by the following (Baron & Willeke 2001) 
dA = dN x π.Dp2         (28) 
dV = dN x π/6.Dp3        (29) 
dM = ρ(Dp).dV         (30) 
Data from the SMPS were reported in two ways throughout this study: as dN/dDp and dN/dlogDp. 
2.6 Aerosol mass and chemical composition 
Particle mass concentrations (PM10 and PM2.5) were measured by determining the gravimetric mass 
of aerosol samples collected using several aerosol samplers including Microvols, a high volume (HV) 
sampler, and partisol samplers. Aerosol mass size distributions were measured with a Multi Orifice 
Uniform Deposit Impactor (MOUDI, model 110) and a High Flow Impactor (HFI, model 130). Samples 
obtained on the filters of these instruments were also used to determine the chemical composition 
of the aerosol collected. Aerosol samples are collected for a set timeframe, at a known flow rate, so 
that the volume of air sampled for each filter substrate was known. Filters are weighed prior to 
sampling and then again afterward and the mass of aerosol collected is the difference between the 
two masses. Once they had been weighed, the filter substrates were analysed for different chemical 
components in the laboratory, e.g. soluble ions by Ion Chromatography (IC), Organic and Elemental 
Carbon (OC and EC) using a Carbon Analyser, and carbohydrates by High Performance Liquid 
Chromatography (HPLC). More information on these techniques used to determine aerosol chemical 
composition is given in subsequent chapters.   
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2.6.1 Cascade impactors theory of operation 
Cascade impactors were used to collect size-resolved aerosol samples. The MOUDI is an example of 
a cascade impactor used in this study and has 12 stages, with stage 50 % cut-point diameters ranging 
from 0.056 µm to 18 µm (aerodynamic sizes). At each stage, jets of particle-laden air impinge upon 
an impaction plate. When the jet encounters the plate the flow streamlines are forced to make a 
sharp 90º turn.  Air can flow around the plate and exit the impaction area, however, particles having 
significant inertia are unable to make the sharp turn and are carried forward to the plate where they 
are collected by impaction. Particles with less than a certain threshold inertia do not impact and 
proceed to the next stage where the nozzles are smaller, the air velocity through the nozzles is 
higher and finer particles are collected. This continues on through the cascade impactor until the 
smallest particles are collected on a final filter. In this study 47 mm diameter aluminium foils were 
used as substrates for the inlet to stage 10 and a 1 mm fluoropore filter was used for the final stage. 
2.6.2 MOUDI data inversion 
The MOUDI collects the ambient aerosol in 12 discrete, size-fractionated samples and after the 
analysis of the substrates, provides information on the distribution of chemical components as a 
function of particle size.  While useful information may be gained simply by plotting the MOUDI data 
in histogram form, a considerably more powerful result can be achieved by utilising the known size-
dependence of each collection stage with a numerical inversion procedure to yield a smooth aerosol 
mass distribution (Winklmayr, Wang & John 1990). 
The MOUDI inversion routine developed by CSIRO was based on the efficient, non-linear iterative 
inversion procedure of Twomey and Zalabsky (1981) with the MOUDI stage transmission kernels 
derived from the manufacturer’s calibration supplied with the CSIRO MOUDI. Smooth distributions 
of both the stage kernels and MOUDI mass distributions were obtained by carrying out the 
calculations using 20 points per decade in logarithmic particle diameter, over the particle diameter 
range 0.01 µm to 100 µm.   
Note that a “fictitious” stage function was generated to represent the MOUDI backup filter (stage 
11), having the same shape as the function for stage 10, but a 50 % cut-size half that of stage 10. 
2.7 Other supporting measurements 
There are a selection of accompanying data that have been used in this thesis that includes gas 
chemistry and meteorology which has been collected and processed by someone other than myself 
and in these cases acknowledgements were made in the relevant sections in the thesis. 
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2.7.1 Gas chemistry 
Gas chemistry was measured using a several different chemical automated samplers as well as via 
the capture of air in adsorbent tubes.  
Speciated VOCs, including alkanes, aromatics, carbonyls, isoprene and monoterpenes samples, were 
collected on two multi-adsorbent tubes in series (Markes Carbograph 1TD/Carbopack X). Adsorbent 
tubes like the aerosol collection samplers described above are run at a known flow rate, for a set 
timeframe, so that the volume of air passed through each tube were known. Gases in the air passing 
through the tubes were trapped in the adsorbent (e.g. activated charcoal) in the tubes.    
VOCs were analysed using a PerkinElmer TurboMatrix TM 650 Automated Thermal Desorber and an 
Agilent 7890A Gas Chromatograph (GC) equipped with a Flame Ionisation Detector (FID) and a Mass 
Selective Detector (MSD). The method used was compatible with ISO16017-1:2000 (ISO 2000) and 
according to USEPA Compendium method TO-17 (USEPA 1999).  
Criteria gases (NOx, CO, SO2 and ozone) were also monitored continuously throughout some of the 
campaigns with specific gas analysers.  
2.7.2 Meteorology 
Meteorological data were obtained from the Bureau of Meteorology for information such as 
temperature, relative humidity, ambient pressure and wind speed and direction. 
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Chapter Three: CCN and urban aerosol sources  
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3.1 Introduction 
Urban locations, because of their complexity, tend to be the most difficult places to model the 
formation processes of CCN (Anttila 2010; Cubison et al. 2008; Sotiropoulou et al. 2007). Urban 
aerosols are composed of complex mixtures of different chemical compositions in varying amounts, 
representative of the local primary pollution sources and chemical transformations after emission. 
Urban aerosols tend to be predominantly externally mixed (i.e., aerosol population contains 
different types of particles, and the fraction of each particle type is determined by the aerosol 
composition) and cannot be treated as a group of aerosol with one particular composition (e.g., 
Anttila 2010; Broekhuizen et al. 2006; Cubison et al. 2008; Ervens et al. 2007; Medina et al. 2007).  
In addition, urban air contains a complex mixture of different gaseous compounds that can play a 
role in the mixing and resulting composition of urban aerosol. For example, a major source of 
aerosol in urban air is combustion emissions, dominated by hydrophobic organic compounds (e.g., 
hydrocarbons). These hydrophobic combustion emissions are usually emitted from sources that also 
emit SO2 and NOX. These compounds, once oxidised can condense onto particles in the form of 
H2SO4 and HNO3 turning a once non-hygroscopic particle into a hygroscopic one (Johnson et al. 
2005). Another example are Volatile Organic Compounds (VOCs) which may be emitted during 
combustion and/or from biogenic activity, with the oxidised products partitioning from the gas 
phase to the particle phase and also contributing to the hygroscopicity of urban particles (Cope et al. 
2014; Rotstayn et al. 2008). The behaviour and interactions between (i.e. the mixing of) these 
organic and inorganic aerosol particles and gases are the types of processes leading to the formation 
of CCN that require more research (Anttila 2010). 
This study is complimentary to the study conducted by Cope et al. (2014) which took place during 
the same time frame at the same location. The site, the NSW Office of the Environment and Health 
(OEH) air monitoring station, is located approximately 24 km west of Sydney, Australia. Sydney is the 
largest urban centre in Australia with a population of 4.8 million (ABS 2015). The Sydney air shed is 
surrounded by elevated terrain to the north, west and south and has a coastline to its east. Air 
pollution can be retained and possibly recirculated in the Sydney air shed for up to tens of hours if 
the region is under a high pressure system and the wind conditions are light2. The weather is usually 
calm during early morning, and light sea breezes can occur during the late morning or early 
afternoon. Urban emissions combined with marine and biogenic emissions create a relatively 
complicated site to observe CCN formation and predict CCN concentrations. 
                                                             
2 http://www.environment.nsw.gov.au/air/nepm/301sydney.htm 
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Aerosol characteristics from this site are described in detail in the parent study report Cope et al. 
(2014). To summarise, Cope et al. (2014) showed that the main aerosol sources comprised sea-salt, 
motor vehicle emissions and Secondary Organic Aerosol (SOA). The contribution of dust was not 
quantified in this work. Cope et al. (2014) also showed that aerosol growth events were observed on 
50 % of the days during the measurement campaign. Aerosol sources in the mornings at this site 
were dominated by motor vehicle emissions. Aerosol growth events always occurred late morning 
and in the afternoon and SOA determined from PM2.5 aerosol samples showed a clear relationship 
with prolonged aerosol growth events. There is also indirect observational evidence supported by 
modelling to suggest that most of the SOA is generated by biogenic emissions (Cope et al. 2014).  
Utilising this comprehensive aerosol data set, the aim of this work was to investigate the properties 
of urban aerosol that contribute to CCN, particularly the influences of the particle size distribution 
and chemical composition on CCN formation.  Aerosol growth events observed throughout the field 
campaign were also investigated for any influence they may have on CCN.  
3.2 Method 
3.2.1 Site  
The aerosol observational program was conducted from the 6th of February to the 3rd of March 2011 
at the NSW Office of the Environment and Health (OEH) air monitoring station. This period was 
chosen because it was representative of summer conditions, with the intent to observe 
photochemistry. Throughout the campaign conditions were not significantly different to the long 
term average for the Sydney region in summer. The weather was predominantly dry (rainfall was 
recorded less than 10 % of the time) and the average maximum temperature throughout the month 
was 30.9 °C; although a sea breeze definitely influenced local wind pattern throughout the 
campaign, the daily wind patterns were quite varied and north westerly winds prevailed. 
The NSW OEH air monitoring station is on the edge of the Westmead Hospital grounds, and is 
surrounded by a grassed area with a car park on one side and a prison yard on the other. During the 
entire field campaign, the site was subjected to high concentrations of motor vehicle emissions from 
local traffic. Instruments3 were housed inside the NSW OEH air monitoring station building and 
outside in an enclosure (Figure 13). Instrument times were set to Australian Eastern Daylight Saving 
Time (AEST), and times were automatically updated by a server every 10 minutes.  
                                                             
3
 The author was responsible for the set up and operation of the CCN, CPC and SMPS counters and this was 
achieved by working onsite, by setting up remote access to the instruments while offsite and by processing 
data . 
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Figure 13: Westmead field site, NSW. A: Photograph of Westmead Hospital grounds, the campaign field site, 
taken by the author. B: Geographical location represented by the black star on map.  
3.2.2 CCN concentration 
CCN concentration was measured using a continuous-flow stream-wise thermal gradient CCN 
counter (DMT CCNC-100) for 26 days throughout the field campaign during which 22 full days (24 
hours) of data were collected. CCN number is recorded every second while the counter is in 
operation. The CCN counter operated at a flow rate of 0.5 L min-1 with a sheath to aerosol flow of 
10:1, made up of an aerosol flow of 0.045 L min-1 and a sheath flow of 0.45 L min-1. CCN 
concentrations were measured at five Supersaturations (S) ranging from 0.14 to 1.15 % S. The CCN 
counter was calibrated following the van’t Hoff (VH) factor model VH4 described by Rose et al. 
(2008) with nebulised, size selected ammonium sulfate particles; for more detail refer to section 
2.3.2. Errors in S are estimated to be + 5 % based on the variability in column top temperatures 
during field campaigns (Rose et al. 2008). 
The CCN counter changed S every ten minutes, resulting in a full scan every 50 minutes. In each ten 
minute S step, the first six minutes were discarded to allow time for S equilibration, the following 
three minutes were taken as valid data in each ten minute step, and the last minute was discarded. 
The valid CCN minute average data were then compared directly with particle concentration (CN10) 
and aerosol size distributions for use in section 3.3.1.  
Hourly averages were calculated4 from the minute average data for use in sections 3.3.2 and 3.3.6. 
Minute averaged CCN activation ratios were also used to calculate the average values to match the 
same time periods as the chemical data (morning: 5 am – 10 am, afternoon:  11 am – 7 pm and 
night: 7 pm – 5 am) for use in sections 3.3.2,  3.3.4 and 3.3.7. 
                                                             
4 All of the data processing was conducted in excel, IDL and Octave scripts written by the author. 
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Activation ratios (CCN/CN10) were calculated by dividing minute average CCN concentration with 
particle (CN10) concentration and thereafter treated as a separate data set. Hourly average activation 
ratios used in sections 3.3.1, 3.3.2 and 3.3.6 were calculated from minute averaged activation ratios. 
Minute averaged activation ratios were also averaged into the same time periods as the chemical 
data (morning: 5 am – 10 am, afternoon:  11 am – 7 pm and night: 7 pm – 5 am) for use in sections 
3.3.3, 3.3.5 and 3.3.7.  
3.2.3 Particle size distribution and number concentration 
The concentration of particles with a minimum diameter (d50) of 10 nm (CN10) was measured with a 
Condensation Particle Counter (CPC, TSI 3772) for 22 days during the campaign. Particle number is 
recorded every minute while the counter is in operation.  Hourly averages were calculated from the 
raw data for sections 3.3.1, 3.3.2 and 3.3.6, ‘hours’ containing less than 55 minutes were removed 
from the data set.  
Raw data were also used to calculate the average values used in section 3.3.2 to match the same 
time periods as the chemical data (morning: 5 am – 10 am, afternoon:  11 am – 7 pm and night: 7 pm 
– 5 am). 
Aerosol size distributions were measured with two instruments: a custom-made Scanning Mobility 
Particle Sizer (SMPS) consisting of a long Differential Mobility Analyser (DMA, TSI 3071A) column and 
CPC (TSI 3010), and a custom-made nano-SMPS consisting of a short DMA (TSI 3085) column and 
CPC (TSI 3776). The SMPS measured the aerosol size distribution of particles in the range 15 to 736 
nm, while the nano-SMPS measured the aerosol size distribution of particles in the range of 4.6 to 
156 nm.  Size distributions were measured over 5 minute intervals. Both the SMPS and nano-SMPS 
were run with aerosol flows of 0.30 ± 0.03 L min-1 and sheath flows of 3.0 ± 0.3 L min-1. Sizing 
accuracy of the two SMPS systems was checked using PolyStyrene Latex (PSL) solution with errors 
being less than 2 %.  
Counting efficiency of both SMPS systems were determined by comparing the concentration of 
particles greater than 10 nm (CN10) recorded by the nano SMPS with the number from the CPC 
TSI3772. The extent of undercounting in the nano-SMPS data (for 10 to 156 nm particles) was 
determined, and a scaling factor applied. SMPS data were then scaled to nano SMPS data by 
comparing overlapping size ranges (15 to 156 nm) and the two data sets were fit to create a 
combined distribution spanning the diameters 4.6 to 736 nm (shown in Figure 24 and Figure 25). The 
fitting process is described in Appendix 1. This comparison was not straight forward and three 
relationships existed between the instruments during the campaign. The reason for the three 
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relationships occurred because of an incorrect flow rate used on the nano SMPS at the beginning of 
the campaign (until 12/2/2011) and a leak in the SMPS occurring after 21/2/2011. Therefore three 
scaling factors were required over the field campaign. 
The resultant combined aerosol size distribution was used to calculate the average values to match 
the same time periods as the chemical data (morning: 5 am – 10 am, afternoon:  11 am – 7 pm and 
night: 7 pm – 5 am) for use in sections 3.3.2, 3.3.3 and 3.3.5. 
3.2.4 Particle chemical composition5 
Aerosol bulk chemical composition reported in this study was determined from high volume (HV) 
quartz filters, for particles with diameters less than 2.5 µm (PM2.5). Samples were collected each day 
of the measurement program during two periods: morning (5 am – 10 am) and afternoon (11 am – 7 
pm).  
A 6.25 cm2 portion of each HV filter was analysed for soluble ions and carbohydrates. The filter 
portions were extracted in 10 ml of 18.2 mΩ de-ionized water and preserved using 1 % chloroform. 
Anion and cation concentrations were determined with a Dionex ICS-3000 reagent free ion 
chromatograph (IC). Anions (Cl-, NO2
-, Br-, NO3
-, SO4
2-, C2O4
2-, PO4
3-, F-, acetate, formate, 
methanesulfonic acid) were separated using a Dionex AS17c analytical column (4 x 250 mm), an 
ASRS-300 suppressor and a gradient eluent of 0.75 mM to 35 mM potassium hydroxide. Cations 
(Na+, Mg+, K+, NH4
+, Ca+) were separated using a Dionex CS12a column (4 x 250 mm), a CSRS-300 
suppressor and an isocratic eluent of 20 mM. Carbohydrates (levoglucosan, mannosan, mannitol, 
aribatol) were determined by High Performance Anion-Exchange Chromatography with Pulse 
Amperometric Detection (HPAEC-PAD). A 0.5 cm-2 portion of each HV filter was analysed for Organic 
and Elemental Carbon (OC/EC). OC and EC were determined using a DRI Model 2001A Thermal-
Optical Carbon Analyser using the IMPROVE-A temperature protocol (Atmoslytic Inc. 2006) with 
uncertainties in OC and EC of + 10 %.  
The fraction of non-sea salt sulfate in the aerosol was determined by subtracting a sea-salt sulfate 
contribution, calculated from the product of the concentration of Na and the sulfate to Na ratio in 
bulk sea water as given by Riley and Chester (1971).  
                                                             
5 Chemistry measurements used with permission from Cope et al. (2014). The author took part in the sampling 
program by setting up filter runs and collecting filters when onsite. However, the laboratory measurements as 
described in section 3.2.4 and 3.2.5 for analysing samples for chemical composition (e.g. IC, GC and OC/EC) 
were conducted by Cope et al. (2014). 
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3.2.5 Gaseous chemical composition 
Speciated VOCs, including alkanes, aromatics, carbonyls, isoprene and monoterpenes samples, were 
collected on two multi-adsorbent tubes in series (Markes Carbograph 1TD/Carbopack X) each day of 
the measurement program during three periods: morning (5 am – 10 am), afternoon (11 am – 7 pm) 
and night (7 pm – 5 am).  
The adsorbent tubes were analysed for VOCs using a PerkinElmer TurboMatrix TM 650 Automated 
Thermal Desorber and an Agilent 7890A Gas Chromatograph (GC) equipped with a Flame Ionisation 
Detector (FID) and a Mass Selective Detector (MSD). The method used was compatible with 
ISO16017-1:2000 (ISO 2000) and according to USEPA Compendium method TO-17 (USEPA 1999).  
Criteria gases (NOX, CO, SO2 and ozone) were also monitored continuously throughout the campaign 
with specific gas analysers. 
3.2.6 Modelling CCN concentration 
 Partial Least Squares (PLS) analysis was conducted to provide insight on the overall predictive ability 
of PM2.5 aerosol chemistry (with soluble ions Na
+, NH4
+, Ca2+, Cl-, NO3
-, SO4
2- and C2O4
2-) on CCN 
formation at 0.14 % and 1.15 % S. PLS regression is a data reduction method that simplifies a set of 
data with many variables and at the same time keeps the information about that data set and 
important influencing variables. Results are presented in section 3.3.4 and Appendix 2.  
3.2.7 Effective Activation Diameter (Daeff) 
 Effective Activation Diameters (Daeff) were modelled by integrating aerosol size distributions from 
the largest to the smallest diameter until CCN concentration equalled the summed aerosol 
concentration.  This model assumes that all larger particles in the distribution are CCN active, and 
the smallest size arrived at is presumed to be Daeff. In order to calculate Daeff accurately, the particle 
concentration measured by the SMPS needs to be accurate. Unfortunately, because of the leak in 
the SMPS system (as explained in section 3.2.3 and Appendix 1) the SMPS measured concentration 
may not be accurate enough to calculate Daeff. While Daeff has still been used in this chapter, it is 
only to compare relative changes in Daeff in sections 3.3.6 and 3.3.7 and not for the actual values of 
Daeff.  
3.3 Results and discussion 
3.3.1 Particles, CCN and activation ratios 
CCN concentrations measured at five Supersaturations (S) are presented in Figure 14. Figure 14 
shows that mean CCN concentrations increase with S; that is expected because as S increases more 
R. Fedele, Chapter 3 – Page 54 
water vapour becomes available for condensation onto particles. Mean CCN concentrations ranged 
from 130 + 20 to 2150 + 90 cm-3 at 0.14 to 1.15 % S, respectively.  In comparison, mean particle 
concentration (CN10) throughout the campaign was 9900 + 200 cm
-3, which was from 5 to 100 times 
higher than CCN concentrations. Similar patterns between the concentrations of CN and CCN have 
been observed in other urban studies (e.g., Moore, R et al. 2012). 
 
Figure 14: Minute average particle (CN10) and CCN concentrations. Error bars are 95 % confidence intervals.  
Activation ratios like CCN concentration increase with S. From Figure 15, it can be seen that the 
magnitude of the increase between activation ratios became less with increasing S, appearing to 
plateau at the highest supersaturations. At the highest measured S, 1.15 % S, the mean activation 
ratio was 0.29 with a 95 % confidence interval of 0.01. At the second highest measured S, 0.96 % S, 
the mean activation ratio was 0.27 with a 95 % confidence interval of 0.01. The lower and upper 
confidence limits are the same for these two measurements; therefore they are not significantly 
different. Even though the amount of water vapour available increases stepping up from 0.96 % to 
1.15 % S, approximately the same proportion of particles were growing into CCN. This may occur 
because at the highest S (0.96 and 1.15 % S) a point is reached where there is more than enough 
water vapour available to condense onto all hydrophilic particles present. If this is true, it can be 
assumed that the number of CCN measured at 1.15 % S is the maximum number of CCN in this air 
mass. Therefore regardless of the amount of water vapour available for condensation on average 
less than 30 % of the aerosol population at this site are able to uptake water vapour and grow into 
detectable CCN (or less than 30 % of the aerosol population are hydrophilic).  
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Figure 15: Minute mean activation ratios.Error bars are 95 % confidence intervals. 
Typically in the atmosphere the highest S measured (1.15 % S) is rarely observed. Strong updraft 
velocities are required for 1.15 % S to occur, such as in convective storm clouds, and therefore 1.15 
% S is not representative of what typically happens. The lowest S measured (0.14 % S) is more closely 
representative of the atmospheric boundary layer, for example typically occurring in fog. The mean 
activation ratio at 0.14 % S throughout the campaign was 0.02, indicating that realistically almost all 
(98 %) of the aerosol population can be considered hydrophobic in atmospheric conditions. 
3.3.2 Diurnal variability of CCN 
Diurnal variability of the concentrations of CCN, particles (CN10) and activation ratios are shown in 
Figure 16. Two main peaks can be seen in the aerosol (CN10) diurnal cycle (top plot in Figure 16). The 
first peak occurred around 7 am (most likely influenced by motor vehicle emissions as discussed by 
Cope et al. (2014)) and the second peak occurred around midday (and was most likely influenced by 
particle growth events as discussed by Cope et al. (2014)). While you would expect to see the 
influence of motor vehicle emissions in the morning and afternoon, the absence of an 
afternoon/evening traffic peak at this location may be due to dilution in the Sydney air shed caused 
by an increase in wind speed throughout the afternoon and the boundary layer growing to its 
highest extent during the late afternoon. 
One peak was observed in the CCN diurnal cycles measured at S greater than 0.68 % S (centre plot in 
Figure 16). CCN concentrations increase throughout the afternoon and peaked at about 8 pm. It can 
be seen in Figure 16 that the diurnal cycle becomes more prominent as S increases. However, at the 
lowest S (0.14 % and 0.38 %) there is no distinct diurnal cycle for CCN concentration. In comparison, 
Burkart et al. (2011) did not observe any distinct diurnal cycle for CCN at 0.5 % S in an urban 
environment.  
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Figure 16: Aerosol and CCN diurnal cycles. Top: particle concentration (CN10). Middle: CCN concentration at 5 
supersaturations (S). Bottom: activation ratios (CCN/CN10) at 5 supersaturations (S). Diurnal cycles are of 
hourly averages over entire campaign. Error bars are 95 % confidence intervals.  
Activation ratio diurnal cycles (bottom plot in Figure 16) appear to be opposite to the aerosol (CN10) 
diurnal cycle (top plot in Figure 16). The lowest ratios occurred during the hours when aerosol 
concentration was highest. This shows that particle number has a relatively large influence on CCN 
number at this site. Burkart et al. (2011) also found activation ratio diurnal cycles at 0.5 % S to be 
opposite to particle concentrations in an urban environment.  
As part of the next section (3.3.3), CCN (at 0.14 and 1.15 % S) and aerosol (CN10) data were averaged 
into the same time periods as the chemical data (morning: 5 am – 10 am, afternoon:  11 am – 7 pm 
and night: 7 pm – 5 am). Because of the inverse relationship seen in Figure 16 between aerosol 
concentration and activation ratio diurnal cycles, the relationship between the integrated averages 
of aerosol and CCN was investigated; results are shown in Figure 17. As expected, at 0.14 % S the 
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relationship between CN10 and CCN was poor, indicating that CCN concentrations at this S cannot be 
predicted using aerosol number. More information on the aerosol composition and hygroscopicity is 
required. At 1.15 % S, CN10 concentration was slightly correlated with CCN concentration (R
2 = 0.66) 
with the exclusion of three outliers (circled in Figure 17).  
 
Figure 17: CCN and CN10 concentrations - using integrated averages. Measurements averaged into morning (5 
am-10 am), afternoon (11 am-7 pm) and night (7 pm- 5 am) blocks to compare directly with the chemistry 
measurements. There is a linear relationship at 1.15 % S for all data blocks excluding outliers (circled in 
diagram). 
The slope of the relationship between CN10 and CCN at 1.15 % S shown in Figure 17, excluding the 
three outliers, was 0.21. This was less than the average activation ratio (0.29) shown in Figure 15 for 
1.15 % S. The reason that it was less was because during the three outliers circled in Figure 17 a 
much greater proportion of particles (50 – 65 %) activated and grew into sizes detectable by the CCN 
counter. During these times, processes were occurring that resulted in an almost three times 
increase in the proportion of aerosol that was able to uptake water vapour and grow into CCN. 
These three events occurred on the night of the 11th, the morning of the 12th and the morning of the 
27th of February and have been chosen as CCN case studies, to be discussed further in section 3.3.6.  
The correlation between CN10 and CCN concentrations at 1.15 % S can be investigated further by 
looking at the aerosol size distribution during the same time periods. Figure 18 shows that the CCN 
concentration at 1.15 % S was better correlated with accumulation mode aerosol (diameters ranging 
from 40 nm to 200 nm) than with the total number of particles (diameters > 10 nm, Figure 17).  The 
correlation between CCN and accumulation mode aerosol was better in the afternoons (R2 = 0.82) 
and at night (R2 = 0.83) than in the mornings (R2 = 0.37). The slope of the trend line between CCN 
and accumulation mode aerosol (for afternoons and at night) was 0.37. Therefore in the afternoon 
and night (from 11 am, all throughout the day and overnight until 5 am) at 1.15 % S on average 37 % 
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of accumulation mode aerosols are activating and able to grow by uptake of water vapour. In 
comparison, Padró et al. (2012) showed that up to 93 % of the urban accumulation mode aerosol in 
Atlanta were activating. 
 
Figure 18: Accumulation mode aerosol and CCN concentrations at 1.15 % S. Trend lines show linear 
relationships between morning, afternoon and night.  
Poor correlation seen in Figure 18 between CCN and accumulation mode particles in the mornings (5 
am to 10 am) may also be explained by the meteorology and sources at this site. Overnight and in 
the mornings the atmosphere is more stable than in the afternoons and the influence of 
atmospheric mixing in the morning is minimal. Overnight and into the morning local sources are 
likely to build up and dominate the aerosol population. Motor vehicle emissions were found to be a 
major source of aerosol in the morning at this site by Cope et al. (2014). Motor vehicle emissions are 
typically small hydrophobic particles too small to activate (e.g., Burkart et al. 2011; Ristovski et al. 
2006).  
The relationships between CCN and accumulation mode aerosol could provide some explanation for 
the CCN diurnal cycle seen in Figure 16. There are two possible scenarios based on the current 
observations presented. First, sources of particles in the morning are predominantly small 
hydrophobic motor vehicle particulate emissions. Throughout the course of the day these particles 
may grow by atmospheric mixing to form larger more soluble particles. The second scenario is also a 
result of atmospheric mixing. In the afternoon external sources of particles may arrive from 
elsewhere to the area and these particles may be larger and more likely to act as CCN than the 
locally emitted particles. Either way, it is clear that the aerosol at this site was externally mixed, as 
only 37 % of accumulation mode particles were activating in the afternoon and at night. Identifying 
the composition of the activating accumulation mode aerosols may provide insight into which 
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scenario is most likely occurring or if both play a role in the formation of CCN. Chemical 
compositions will be discussed in the following sections.  
3.3.3 Relationship between activation ratios and PM2.5 soluble chemistry  
In this section the chemical data were taken from PM2.5 HV samples and activation ratios (at 0.14 
and 1.15 % S) were averaged into the same time periods as the chemical data (morning: 5 am – 10 
am, afternoon:  11 am – 7 pm and night: 7 pm – 5 am). PM2.5 chemical composition measurements 
are limited when comparing them to particle number measurements (e.g., activation ratios) since 
the chemical composition is mostly representative of the larger size fraction of the aerosol as most 
of the mass resides in this size fraction. Particle number measurements are mostly representative of 
the smaller size fractions, since there are a greater number of smaller particles. The smaller size 
fractions (less than 1 μm), may have different ratios of soluble to insoluble components compared to 
the larger size fractions. There tends to be fewer soluble components in the smaller size fractions in 
urban air (Lehmann et al. 2005). However, taking this into consideration some correlations were 
identified between PM2.5 soluble chemistry and activation ratios in this urban environment. 
Chemical constituents in the aerosol phase that fall under “soluble chemistry” are anions (Cl-, NO2
-, 
Br-, NO3
-, SO4
2-, C2O4
2-, PO4
3-, F-, acetate, formate, methanesulfonate) and cations (Na+, Mg+, K+, NH4
+, 
Ca2+) measured on PM2.5 HV filters. All soluble ions were assessed for any relations with activation 
ratios at 0.14 and 1.15 % S. A poor correlation was found between soluble ions and activation ratios 
at 1.15 % S. One possible explanation may be because at high S the composition of CCN is not a 
significant factor, this will be discussed further in section 3.3.4. However, because of poor 
correlation between individual soluble ions and activation ratios at 1.15 % S there will be no further 
discussion about soluble ions and activation ratios at 1.15 % S in this section and the rest of this 
section will focus on the relationships between individual soluble ions and activation ratios at 0.14 % 
S.  
Sulfate was the only soluble ion found to have a significant linear correlation (R2 = 0.62) with 
activation ratios at 0.14 % S, shown in Figure 19. At 0.14 % S water vapour pressure is so low that 
particles need to compete for the limited water vapour available and only particles with a high 
affinity for water vapour will behave as CCN. From section 3.3.1, it has been shown that at this site 
on average only 2 % of the aerosol population act as CCN at 0.14 % S. Sulfate in the aerosol phase 
may be the reason that these aerosols are hydrophilic and able to activate and grow to become CCN 
at 0.14 % S.  It is generally accepted in the literature that sulfur plays a key role in the growth and 
aging process of aerosols. As a result of condensation of soluble sulfur containing compounds  onto 
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particles, aged particles increase in size and can become more hydrophilic (Furutani et al. 2008; 
Gunthe et al. 2009; Kammermann et al. 2010). 
 
Figure 19: Sulfate in the aerosol phase and activation ratios at 0.14 % S.  Figure on the left: total sulfate. Figure 
top right: NSS sulfate. Figure bottom right: difference between total sulfate and NSS sulfate is ammonium 
sulfate.  
Sulfate has both primary (e.g., sea salt) and secondary (e.g., oxidation of sulfur dioxide, SO2, emitted 
from industry and vehicles) sources. Sulfate from sea salt is predominately found in coarse particles 
and the fraction of Non Sea Salt (nss) sulfate can be determined by subtracting a sea-salt sulfate 
contribution, calculated from the product of the concentration of Na and the sulfate to Na ratio in 
bulk sea water as given by Riley and Chester (1971). Nss sulfate was no better correlated (R2 = 0.60) 
with activation ratios at 0.14 % S in the afternoons than total sulfate. However, nss sulfate follows 
the same pattern as total sulfate and it is evident that the relationship between total sulfate and 
activation ratios is dominated by nss sulfate emissions. In the Sydney air shed, secondary sources of 
sulfate that could make up the nss component include metal smelters in the Illawarra and Hunter 
regions; coal fired power stations in the Hunter Valley, central coast and central west of Sydney; 
shipping emissions and from motor vehicle petrol emissions. Sulfur dioxide emitted from these 
sources reacts either in the gas phase or in the aqueous phase (by dissolving in droplets) to produce 
secondary sulfate (SO4
2-) aerosol. The 2 % of the aerosol population, that are activating at 0.14 % S, 
may therefore be representative vehicle emissions containing sulfate and/or an aged aerosol 
population originating from a region exposed to an industrial sulfur dioxide source. The Los Angeles 
air shed, similar to Sydney, is also located near the ocean and Adachi and Buseck (2015) showed that 
in the Los Angeles air shed chloride aerosol (from a sea salt source) are depleted to sulphate or 
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nitrate secondary aerosol, and that particle transformations occurred within 3 hours. This may also 
be happening in the Sydney air shed.  
 
Figure 20: Modelled versus measured/observed CCN concentration using PLS. Six principle components used 
(see Appendix 2 for corresponding table of results). 
3.3.4 Comparison between predicted and measured CCN concentrations 
Partial Least Squares (PLS) analysis was conducted to provide insight on the overall predictive ability 
of PM2.5 aerosol chemistry (soluble ions Na
+, NH4
+, Ca2+, Cl-, NO3
-, SO4
2- and C2O4
2-) on CCN formation 
at 0.14 % and 1.15 % S. PLS analysis on standardised data results from PM2.5 chemical composition 
and CCN number at 0.14 % S are presented in Figure 20 (top plot). Figure 20 shows PM2.5 chemical 
composition has good predictive ability (R2 = 0.81) for CCN number at 0.14 % S based on 6 
components. Almost 50 % of the variability in activation ratios can be explained with one principal 
component (see Appendix 2). Within this principal component ammonia, sulfate and oxalate had 
loadings of greater than 0.4. Therefore the soluble ions in the aerosol phase that are the main 
contributing factors to the activation of aerosol at 0.14 % S are ammonia, sulfate and oxalate.    
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Oxalate has been measured in several types of atmospheric particles such as biomass burning 
aerosol (e.g., Yang et al. 2013), urban aerosol (e.g., Yao et al. 2004) and marine aerosol (e.g., Wang, 
H, Kawamura & Yamazaki 2006; Xu et al. 2013). Oxalic acid exists mainly as oxalate in the particle 
phase (e.g., Yang & Yu 2008). There is a growing body of research that suggests that the main source 
of oxalic acid/oxalate in the particle phase is secondary and occurs as a result of a combination of 
any of the following processes: photochemical oxidation (e.g., Martinelango, Dasgupta & Al-Horr 
2007; Meng et al. 2013), in cloud processes (e.g., Sorooshian et al. 2006) and heterogeneous 
reactions (e.g., Kerminen et al. 2000). The formation of oxalic acid/oxalate in the particle phase is 
still relatively new research and has been suggested to be possibly linked to the presence of 
ammonia (e.g., Paciga, Riipinen & Pandis 2014) and glyoxal (e.g., Cheng et al. 2015). 
Poor correlation was found between soluble ions and activation ratios at 1.15 % S in section 3.3.3. 
However, using PLS analysis PM2.5 chemical composition was found to have some predictive ability 
(R2 = 0.62) for CCN number at 1.15 % S (Figure 20, bottom plot). One possible explanation may be 
that the 37 % of accumulation mode particles activating at 1.15 % S contain a well mixed 
homogeneous composition indicative of aged aerosol, and their ability to up take water vapour is 
not dependent on a single chemical component.  
3.3.5 Relationship between activation ratios and organics 
In this work, the organic fraction of the aerosol is represented by the bulk term OC as determined by 
thermal desorption. In addition, EC represents the inorganic carbon fraction. Organic and elemental 
carbon in the aerosol phase is commonly represented as a ratio (OC/EC). OC/EC ratio can be used to 
provide information about the source of the aerosol. EC is only directly emitted into the atmosphere 
from a combustion source such as motor vehicles, whereas OC has multiple primary (eg. from 
combustion sources) and secondary sources (i.e. secondary organic aerosol (SOA) formed from 
gaseous precursors by oxidation or oligomerization (Kanakidou et al. 2005)). Volatile Organic 
Compounds (VOCs) were also measured as a part of this study. VOCs may come from both biogenic 
and anthropogenic sources. Linear correlations between organics and activation ratios (at 0.14 % 
and 1.15 % S) were investigated for this section. Organics were found to be poorly correlated with 
activation ratios at 0.14 % S. The rest of this section will focus on the relationships observed 
between organics and activation ratios at 1.15 % S. 
OC/EC ratios varied from around 1 to around 11, which is quite a large variation in comparison to 
another urban study conducted in Beijing in China which reported OC/EC values around 3 and 4 (He 
et al. 2015). The variation in the OC/EC ratios observed in Sydney may be because it is not as 
polluted as Beijing. Figure 21 shows that there was poor correlation between OC/EC ratios and 
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activation ratios in the afternoon at 1.15 % S. However, OC/EC ratios were significantly correlated (R2 
= 0.79) with activation ratios at 1.15 % S in the morning, the number of activating aerosol increased 
with increased OC/EC ratio.  
 
Figure 21 Organic/elemental carbon ratios (OC/EC) and activation ratios. Trendlines are all linear. 
The proportion of EC in the aerosol phase decreases with proportion of activating aerosol. EC 
particles in the mornings at this site are significantly correlated (R2 = 0.81) with nuclei/Aitken mode 
particles (CN4-100, Figure 22), at this size particles are only able to activate and grow to become CCN if 
they are very hydrophilic. Most motor vehicle particulate emissions also fall within this size range 
(e.g., Ristovski et al. 2006). Further to this, motor vehicle emissions have been characterised by 
OC/EC ratios of less than 2.5 in Melbourne, Australia (Keywood et al. 2011). Throughout the field 
campaign the average OC/EC ratio in the morning samples was ~1.7, indicative of a motor vehicle 
emission source in the morning. A closely packed group of morning measurements with OC/EC ratios 
less than 2.5 can be seen in Figure 21. Since the OC/EC ratio is within the expected OC/EC ratio of 
motor vehicle emissions, that all but one of these mornings fall on a week day, and that the 
meteorological conditions were ideal on these mornings (low average wind speed of 6 km/h) for the 
build up of emissions, it is likely that the particles from this group of measurements were primarily 
sourced from vehicle emissions. These particles have very low activation ratios. At 0.14 % S 
activation ratios were less than 0.02 and at 1.15 % S activation ratios were less than 0.2. Suggesting 
that vehicle emissions have a low affinity for water vapour, or are mostly hydrophobic, this is 
supported by the literature (e.g., Burkart et al. 2011 and refs therein).   
Opposite to EC, the proportion of OC in the aerosol phase increases with the proportion of activating 
aerosol (Figure 21). OC comprises a very large (and unidentified) range of individual species that can 
be more volatile, more reactive and more hydrophilic than EC and may take part in chemical 
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transformations in the atmosphere that can lead to increased CCN (Tsigaridis et al. 2006). The 
presence of organic material in urban aerosol has also been shown to be indicative of an aged 
aerosol population (Hersey et al. 2013). OC in the aerosol phase at this site was also moderately 
correlated (R2 = 0.51 and 0.58) with accumulation mode particles (CN100-700, Figure 22), which are 
large enough to be CCN active and significantly correlated with CCN number at 1.15 % S (Figure 18).  
 
Figure 22: Accumulation and Aitken mode concentrations, organic carbon (OC) and elemental carbon (EC).  
Trendlines are all linear. Afternoon EC had poor correlation with particle size (R2 < 0.4).  
Possible sources of OC in the particle phase may be the oxidation products of VOCs emitted from 
local sources that condense onto the aerosol. Total VOC concentrations were found to be much 
higher, when averaged, in the mornings than in the afternoon (2.5 times higher) and night (1.4 times 
higher). The VOCs measured were divided into two categories: biogenic (isoprene, a-pinene, b-
pinene, D-limonene, eucalyptol and camphor) and anthropogenic (isobutane, n-butane, 2-
methylbutane, acetone, n-pentane, 2 methylpentane, 3-methylpentane, butanal, n-hexane, 
methylcyclopentane, benzene, cyclohexane, 3-methylhexane, n-heptane, toluene, ethylbenzene, p-
xylene, m-xylene, o-xylene, m-ethyltoluene, 1,3,5-trimethylbenzene, o-ethyltoluene, n-octanal, 
1,2,4-trimethylbenzene and 1-methyl-2-(1-methylethyl) benzene). Anthropogenic VOCs make up the 
majority of the VOCs at this site, which is expected as it is an urban location (compare y-axis in 
Figure 23). The high concentrations of VOCs in the mornings, dominated by anthropogenic sources, 
may have built up as a result of stable atmospheric conditions over night (temperature inversion). 
Biogenic VOCs make up only a small fraction of total VOCs measured at this site. 
Summed biogenic and anthropogenic VOC concentrations showed poor correlation with activation 
ratios at 1.15 % S measured on the same day. However, activation ratios at 1.15 % S were strongly 
correlated with total biogenic VOC concentrations from the previous day (Figure 23). Two 
relationships were evident (Figure 23), and in all cases where a relationship was observed with 
biogenic VOCs, the correlation was positive indicating that with an increase in biogenic VOCs, 
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activation ratios (the day after) increase. The two relationships may be a result of different 
snapshots in time of the cycle. The time it takes (approx. 24 hours) for biogenic VOCs to impact upon 
activation ratios at 1.15 % S indicates that the accumulation mode particles that are activating are 
aged aerosols with a mixed composition and not a freshly emitted source of particles – especially not 
anthropogenic urban particles.  An increase in CCN activity with increasing plume age and 
oxygenated organic fraction has also been reported in the literature (Asa-Awuku et al. 2011). 
 
Figure 23: Anthropogenic and biogenic VOCs and activation ratios at 1.15 % S. On the same day (two figures on 
the left) there are no correlations, however activation ratios at 1.15 % S lagging one day after biogenic VOCs 
show evidence of two relationships (figure bottom right). Trendlines are linear. 
3.3.6 CCN case studies 
CCN formation events were identified in section 3.3.2 (Figure 17) during three periods in February 
2011 when activation ratios at 1.15 % S were elevated above average. During these events, 
approximately 3 times more particles (50 – 65 %) than the average (21 %) were activated and grew 
to become CCN. The first two events occurred on the night of the 11th (activation ratio = 0.65) and 
the morning of the 12th of February (activation ratio = 0.57) and are presented in Figure 24. When 
looking at Figure 24 it can be seen that these two events are actually one event that lasts overnight. 
The third event occurred on the morning of the 27th of February (activation ratio = 0.50) and is 
presented in Figure 25.  
R. Fedele, Chapter 3 – Page 66 
The aerosol size distribution (Figure 24, top plot) measured during the first two events shows that 
both of these events occurred at the same time that an increase in the number of accumulation 
mode particles (diameters around 100 nm) was recorded. CCN concentrations at 1.15 % S have 
already been shown to be significantly correlated with accumulation mode aerosol (Figure 18) at this 
site. High concentrations of accumulation mode aerosol can be observed starting on the afternoon 
of the 11th of February and continue into the morning of the 12th of February. 
SOA was found to be elevated during the afternoon of the 11th of February and the OC/EC ratio was 
elevated on the morning of the 12th of February (Cope et al. 2014). SOA concentrations at this site 
were calculated by Cope et al. (2014) using OC/EC ratio of 1.7 as primary OC, therefore secondary 
OC is associated with higher OC/EC ratios. Activation ratios at 1.15 % S were also found to increase in 
the mornings when higher OC/EC ratios occur (Figure 21), this suggests a link between SOA and the 
CCN formation potential of aerosol. It is generally accepted that most of the SOA across the globe 
comes from biogenic sources of VOCs (Kanakidou et al. 2005). During this study biogenic VOCs were 
significantly correlated with activation ratios occurring one day later (Figure 23), implying that 
biogenic VOCs may also be a source of CCN.  
The impact of SOA on CCN formation is a current debate in the literature mainly because the 
formation of SOA is not well understood (Fuzzi et al. 2006; Hallquist et al. 2009; Jimenez et al. 2009; 
Pöschl 2011).While some studies have shown that SOA act as CCN (Kuwata et al. 2008 and refs 
therein) others have shown that SOA decreases the hygroscopicity of aerosol particles that act as 
CCN (Dusek et al. 2010). Chamber studies (e.g., Prenni et al. 2007) have shown that SOA can act as 
CCN at atmospheric RH, when the SOA is composed of organic material mixed with sulfate. Prenni et 
al. (2007) found that the presence of sulfate was key to the CCN behaviour of SOA, and that SOA 
behaved the same as CCN whether the organic material was soluble or insoluble if sulfate was 
present in the aerosol phase. There were exceptions to this finding, such as when particle 
concentration is low, when updraft velocity is low or when aerosol particle composition is mostly 
organic. The Sydney airshed has multiple sources of anthropogenic sulfur dioxide (discussed in 
section 3.3.3) that may be converted to sulfate in the aerosol phase via atmospheric processing. 
Elevated levels of sulfur dioxide were observed at the beginning of this CCN event in Figure 24. It is 
possible that the combination of sulfur dioxide and SOA resulted in the increase in the proportion of 
activating aerosol at 1.15 % S that is observed during this event. Further to this, CCN at all 
supersaturations measured during this SOA event were also amongst the highest recorded 
throughout the campaign. 
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The third CCN event that occurred on the morning of the 27th of February differs from the event 
discussed above. The aerosol size distribution (Figure 25, top plot) shows that during the third CCN 
event no other aerosol events were evident and particle concentrations remained quite low 
throughout the day; the 27th of February was a Sunday. However, activation ratios appear to start 
increasing with a step up on the afternoon of the 26th of February (Figure 25, third plot from the 
top). This increase in activation ratios commenced at the same time an accumulation mode aerosol 
event occurred (Figure 25, seen in top plot). The accumulation mode aerosol event was identified as 
a passing biomass burning plume from a nearby bushfire using the tracer species levoglucosan. The 
levels of levoglucosan were elevated on the afternoon of the 26th of February relative to the rest of 
the field campaign (Figure 26). The biomass burning event was found to be caused by fire 
management burns to the north of Sydney (Keywood et al. 2012). The source of the fire was 
approximately 12 km from the site. 
The biomass burning plume lasted for several hours starting at 4 pm on the 26th of February. During 
the observed smoke plume CCN concentrations at 1.15 % S were among the highest recorded 
throughout the campaign. Activation diameters (Da) dropped at the same time that the plume 
occurred; this has also been observed in the literature (Rose et al. 2010) and suggests that particles 
are more hydrophilic in the smoke plume than in the ambient urban air. Since the urban aerosol at 
this site is virtually hydrophobic, this is not surprising. For the duration of the observed smoke plume 
wind speed was around 4 m·s-1 and the wind direction approximately 100 degrees (Figure 25, fifth 
plot from the top); therefore the smoke plume came from the east.  
Immediately after the smoke plume appeared to pass, the wind speed slowed to less than 0.5 m·s-1 
and continued to remain low into the morning of the 27th of February (Figure 25). The wind direction 
also changed, after the smoke plume passed, by approximately 180 degrees and remained there for 
nearly 24 hours (Figure 25). This implies that the particles from the passing smoke plume may have 
lingered and slowly passed back over the site. Therefore, it is possible that biomass burning sourced 
particles were present on the following morning when the third CCN formation event was recorded. 
Remembering that the number concentration on the morning of the 27th of February was relatively 
low, indicating few sources of particles, the biomass burning aerosol may have made up a significant 
proportion of the aerosol on this morning.  
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Figure 24: CCN events 1 and 2. Time series plots showing the lead up to the CCN formation event on the 
morning of the 12th of February 2011. From the top down figures are of: aerosol size distribution and 
centrepoint/maximum mode diameters; CCN number concentrations; activation ratios (CCN/CN10); activation 
diameters (Daeff); wind speed and wind direction; and sulfur dioxide and ozone gas concentrations in parts per 
hundred million (pphm). The CPC was not operational until around 15:00 on 10th February 2011, therefore 
CCN/CN ratio data plotted prior to this time were calculated from SMPS total concentrations.  
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Figure 25: CCN event 3. Time series plots showing the lead up to the CCN formation event on the morning of 
the 27th of February 2011. From the top down figures are of: aerosol size distribution and 
centrepoint/maximum mode diameters; CCN number concentrations; activation ratios (CCN/CN10); activation 
diameters (Daeff); wind speed and wind direction; and sulfur dioxide and ozone gas concentrations in parts per 
hundred million (pphm).  
 
 
R. Fedele, Chapter 3 – Page 70 
It is uncertain whether the high activation ratios measured on the morning of the 27th of February 
resulted from the biomass burning event or because of low particle number concentrations on that 
morning, or a combination of both. However, the highest CCN concentration (430 cm-3) and 
activation ratio (0.06) recorded at 0.14 % S both occurred on the night of the 26th of February. This 
implies that more hydrophilic aerosol were present on this night. It is therefore likely that the 
increase in activation ratios at 1.15 % S on the morning of the 27th of February was a result of more 
hydrophilic aerosol sourced from the biomass burning. 
 
Figure 26: Levoglucosan and mannosan. Concentrations obtained from PM2.5 HV filter morning (5:00 am – 
10:00 am) and afternoon (11:00 am – 7:00 pm) samples taken throughout the field campaign (Cope et al. 
2014). 
Vestin et al. (2007) has shown that CCN formation is dependent upon burning conditions such as the 
combustion temperature of the fire, and the composition of the air that the plume passes through 
(atmospheric mixing). Near complete combustion of biomass produces aerosol particles that are 
dominated by inorganic compounds (mostly alkali salts) and soot carbon, while poor combustion 
conditions lead to the formation of a multitude of organic compounds, a large fraction of which is 
water soluble. Water Soluble Organic Carbon (WSOC) can contribute to CCN properties in four ways: 
by contributing to the solute material, by altering the surface tension of the growing droplet, by 
affecting the wettability of the particle surface, and by affecting the growth kinetics (Kanakidou et al. 
2005; McFiggans et al. 2006; Sun & Ariya 2006). The increase in activation ratios at 1.15 % S may 
therefore have been caused by the concentration of OC in the aerosol phase increasing due to a 
passing biomass burning plume. The topic of CCN characteristics and biomass burning will be more 
thoroughly discussed in Chapter 5. 
3.3.7 Relationship between aerosol growth events and CCN 
During aerosol growth events large numbers of nuclei and Aitken mode particles appear rapidly, 
most likely, from nucleation and coagulation that may have occurred immediately before the growth 
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event. While particles that are formed during aerosol growth events are too small to act as CCN, it 
has been observed that the organic mass fraction for particles smaller than 100 nm in diameter 
increases during aerosol growth events from two thirds to three quarters (Dusek et al. 2010). During 
this study OC/EC ratios were found to increase in the mornings after particle growth events (Cope et 
al. 2014). This could potentially mean that aerosol growth events may be a source of organics in the 
aerosol phase. This study shows strong evidence to suggest that CCN formation was linked to 
organic material in the aerosol phase as well as bVOCs (section 3.3.5). Aerosol growth events may 
therefore also be linked to CCN formation.    
Aerosol growth events were observed on 50 % of days throughout the field campaign (Cope et al. 
2014). There were two types of aerosol growth events observed at this site, which have been 
classified as “burst” or “prolonged growth” events. A burst event can be seen in Figure 24, on the 
afternoon of the 10th of February and three prolonged growth events can be seen in Figure 24 and 
Figure 25, occurring late morning on the 11th, 25th and 26th of February. Burst events occurred on 
three afternoons on days when CCN were measured, each time commencing between 1:30 to 2:30 
pm and lasting for approximately one hour. Prolonged growth events were observed on four days 
when CCN were measured, starting late morning (between 10:45 am to 11:35 am) and lasting 
between 2.5 and 4.5 hours. However, one of the days that a prolonged growth event occurred was 
the same day that the biomass burning plume passed by the site (on the 26th of February – Figure 
25). Due to the influence of the biomass burning plume on CCN formation discussed in section 3.3.6, 
this event was excluded from the data in Figure 27. 
From Figure 24 and Figure 25, it can be seen that CCN number concentration increased during 
aerosol growth events and dropped after aerosol growth events – the same pattern observed with 
particle concentrations. However the magnitude of the increase in numbers is very different and this 
is reflected in activation ratios. The ratios drop to close to zero during aerosol growth events and this 
has also been reported in the literature (e.g., Dusek et al. 2010). The drop could be a direct result of 
the large number of nuclei and Aitken mode particles that appear rapidly during aerosol growth 
events. These particles are too small to act as CCN based on the Kelvin effect, and the surface 
curvature of a particle. As a particle gets larger the curvature of the surface of the particle is 
reduced. With less curvature, the equilibrium water vapour pressure at the surface of the particle is 
lowered and water vapour is more easily held by the particle. Another explanation for this could be 
because larger sized (accumulation mode) particles can potentially contain larger proportions of 
water soluble material and therefore are more hydrophilic than smaller sized (Aitken mode) particles 
(e.g., Dusek et al. 2010; Rose et al. 2008). Therefore because of the massive numbers of these tiny 
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particles present during aerosol growth events, activation ratios drop to almost zero at all S for the 
duration of an aerosol growth event.  
Block averages were used to look at activation ratios and activation diameters (Da) on afternoons 
(11am-7pm) that aerosol growth events occurred. Block averages are the same as those used to 
compare to chemical composition and were used because of the nature of the data set (only a few 
minutes of data were collected at each S in each hour). Block averages look at several hours of data 
at once and may be more representative, than just a few minutes of data. These data sets are 
limited – regardless, some interesting observations were able to be made. 
         
Figure 27: Average activation ratios, Daeff and aerosol growth events. Graphs on the left show activation ratios 
on the same day in the afternoon (11 am to 7 pm) that aerosol growth events occurred, in comparison to days 
where no events occurred (none). Graphs on the right show Daeff on the same day in the afternoon (11 am to 7 
pm) that aerosol growth events occurred, in comparison to days where no events occurred (none). Error bars 
are 95 % confidence intervals. 
On afternoons when burst events occurred, a larger proportion of hydrophilic particles were 
measured in comparison to afternoons when no aerosol growth events occurred. This is shown by 
Figure 27 with activation ratios at 0.14 % S and effective activation diameters (Daeff). While 
activation ratios dropped during aerosol growth events, Figure 27 shows that activation ratios at 
0.14 % S were higher on afternoons after burst events occurred compared to when no growth 
events occurred.  Figure 27 also shows that Daeff was smaller at 0.14 % S and 1.15 % S on afternoons 
when burst events occurred compared to when no growth events occurred. Daeff is proportional to 
particle hygroscopicity, the smaller Daeff the more hydrophilic the aerosol. Therefore on afternoons 
when burst events occur the proportion of hydrophilic aerosol increased compared to afternoons 
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when no events occurred. Burst aerosol growth events may also potentially be a source of organic 
material in the aerosol phase that contributes to the CCN formation potential of the aerosol at this 
site. 
There were no observable differences on afternoons when prolonged growth events occurred 
compared to when no growth events occurred.  
3.4 Summary and Conclusions 
A comprehensive aerosol chemistry data set was obtained in Westmead as part of the study 
conducted by Cope et al. (2014). At the same time CCN were measured at five S ranging from 0.14 to 
1.15 % S as part of this thesis. Average CCN concentrations ranged from 130 + 20 to 2150 + 90 cm-3 
throughout the campaign. A significant proportion of non-activating (or hydrophobic) aerosol was 
observed, which is not unexpected for an urban environment, average activation ratios ranged from 
0.02 to 0.21. 
Two supersaturation conditions were used (0.14 % and 1.15 % S) to investigate the relationships 
between the chemical composition and CCN formation.  The highest S was chosen (1.15 %) because 
at this S there is more than enough water vapour for all particles in the aerosol population with an 
affinity for water vapour to uptake water and become detectable CCN. The maximum possible 
number of CCN (or hydrophilic aerosol) in this air mass under atmospheric conditions were 
measured at 1.15 % S. However, 1.15 % S rarely occurs in the atmosphere, and is associated with 
conditions expected to occur in convective storm clouds under intense updraft velocities. The lowest 
S chosen (0.14 %) occurs more commonly in the atmospheric boundary layer, and is similar to 
conditions expected in fog. Observations at 0.14 % S are closer to reality than observations at 1.15 % 
S. 
At 0.14 % S, on average, only 2 % of the aerosol population was CCN active. No diurnal cycle of CCN 
activity was evident. Aerosol size was not a good predictor of activating aerosol at 0.14 % S. Nss 
sulfate was significantly correlated with CCN activity at 0.14 % S, this was potentially anthropogenic 
aged sulfate aerosol. PLS analysis showed PM2.5 soluble chemistry had good predictive ability of CCN 
concentration. Sulfate, ammonia and oxalate were found to be the main contributors to this 
predictive relationship found by PLS. The highest concentration (430 cm-3) and proportion of CCN (6 
%) at 0.14 % S measured throughout the campaign occurred on an evening when a biomass burning 
plume lingered over the site. Burst events may also contribute to the hygroscopicity of the aerosol 
and CCN activity at 0.14 % S. Activation ratios were significantly higher and Daeff was significantly 
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lower on afternoons when bursts events occurred compared to days when no events occurred. 
Lower Daeff relates to more hydrophilic aerosol after burst events.  
At 1.15 % S, on average, 21 % of the aerosol population were CCN active. This figure may also be 
considered to be the (average) maximum number of hydrophilic aerosol present in this site. 
Therefore, on average, 79 % of the aerosol population at this site can be considered to be 
hydrophobic in atmospheric conditions. CCN concentrations at 1.15 % S showed a diurnal cycle 
whereby CCN concentration peaked at 8 pm. A diurnal cycle was also observed for activation ratios 
at 1.15 % S, and the pattern of the activation ratio diurnal cycle appeared opposite to the diurnal 
cycle of CN10.  
Particle size was not a good predictor of CCN activity at 1.15 % S in the mornings. However, in the 
mornings the OC/EC in the aerosol phase was found to be significantly correlated with CCN activity. 
OC/EC increased with CCN activity. OC was moderately correlated with accumulation mode aerosol. 
Aerosol size was a good predictor of activating aerosol at 1.15 % S in the afternoons and night. CCN 
concentration was significantly correlated with accumulation mode aerosol at 1.15 % S. A relatively 
minor source of OC that was significantly correlated with the CCN active aerosol at this site was 
biogenic VOCs. The time it took for biogenic VOCs to mix into the aerosol phase and create 
hydrophilic accumulation mode aerosol was approximately 24 hours.  
On three occasions larger proportions of activating aerosol were observed at 1.15 % S, where 3 
times more than the average (up to 60 %) of the aerosol population was CCN active. These occasions 
happened when the source of accumulation mode aerosol was from SOA or an aged biomass 
burning plume. It is possible that anthropogenic sulfur dioxide also played a role in the CCN 
formation potential of SOA at this site. 
All of the observations at 1.15 % S suggest that atmospheric processing plays an important role in 
the hygroscopic properties of urban aerosols. The diurnal cycles relating to CCN observed at 1.15 % S 
were shown to be a result of the meteorology and sources of aerosol at this site. Stable atmospheric 
conditions overnight resulted in the build up of local aerosol emissions overnight and into the next 
morning, which in this instance were basically hydrophobic vehicle emissions significantly correlated 
to small (Aitken mode) EC particles. CCN in the afternoon at this site were aged accumulation mode 
aerosols with a homogenous composition. These particles were found to grow by atmospheric 
mixing to form larger more soluble particles (e.g. by uptake of biogenic VOCs and/or sulfur dioxide) 
to result in a peak in CCN concentration at 8 pm. Alternatively, on occasion, accumulation mode 
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particles were observed to arrive at the site from an external source elsewhere to the area (e.g. 
biomass burning emissions). 
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Chapter Four: CCN activity of marine aerosol at Cape Grim, 
Australia 
 
 
 
 
 
Photo of entrance to Cape Grim Baseline Air Pollution Station, taken by the author. 
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4.1 Introduction 
Marine clouds play a significant but highly uncertain role in controlling the climate on Earth. The 
effect of natural marine aerosols on radiative forcing is a main source of uncertainty (Carslaw et al. 
2013), as it’s difficult to obtain a measure of pre-industrial times due to anthropogenic emissions 
(Ghan et al. 2013). Model studies suggest that over the Southern Ocean the fraction of global 
anthropogenic aerosol forcing is small (Korhonen et al. 2008) in comparison to the Northern 
Hemisphere oceans (Kooperman et al. 2012; Zelinka et al. 2014). Therefore the Southern Ocean may 
be a good location to observe as close to natural marine conditions as possible. Incorporating marine 
aerosols into global climate models to predict their impact upon clouds is a current challenge faced 
by climate models. Currently climate models poorly simulate clouds over the Southern Ocean (Naud, 
Booth & Del Genio 2014) resulting in a large bias in the estimate of absorbed shortwave radiation 
(Trenberth et al. 2010) and this radiation bias affects the location of the Southern Hemisphere jet 
and tropical circulation in the models (Hwang & Frierson 2013). The shortcomings of climate models 
with relation to Southern Ocean marine clouds comes about because of the lack of understanding of 
the processes that influence cloud forming aerosol (Quinn & Bates 2011) and a poor understanding 
of the sources and sinks of CCN over the Southern Ocean; from local surface sources to long range 
transport. The difficulty in measuring these particles directly is a major contributing factor. For 
example, when discussing the types of marine aerosol that may uptake water vapour and grow into 
cloud droplets, the size range of the aerosol of interest is too small to collect enough mass to 
measure the chemical composition. Many techniques have been developed over the years to 
address this challenge (e.g., Zauscher et al. 2011). The more information collected by different 
approaches that are compared with real measurements, the greater the chance of developing a 
better understanding of the sources of marine aerosol and their impact on clouds.  
The largest source of primary marine aerosol is as a result of bubble bursting (Quinn et al. 2015) and 
this aerosol has been shown to be externally mixed (Prather et al. 2013). Therefore, not only are 
marine aerosol difficult to measure, but as soon as they are emitted they are a complicated mixture 
of inorganic, organic and biological components that are yet to be fully understood (Prather et al. 
2013; Quinn et al. 2015). Once in the atmosphere, marine aerosol composition is changed by 
secondary processes that are also not completely understood, including impacts from anthropogenic 
emissions, and this is typically what is seen in measurements of ambient samples of marine aerosols. 
Located in the Southern Hemisphere, Cape Grim in Tasmania is one of the cleanest marine sites in 
the World, with little influence from anthropogenic sources. Observations at Cape Grim, which have 
been carried out over the last 30 years, provide insight into the background sources of marine 
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aerosol, their composition, size distributions and hygroscopicity. While the focus of this study is to 
investigate the CCN activity of marine aerosol, it is first useful to review what is known about the 
pristine marine aerosol at Cape Grim.  
Particle number size distributions of pristine marine aerosol at Cape Grim are typically bimodal; the 
distribution is almost evenly split between two modes. The smallest mode, the Aitken mode, 
generally has been found to range from 20 to 80 nm, while the larger mode, the accumulation 
mode, has been found to range from 80 to 200 nm (Covert et al. 1998; Gras 1995; Gras & Ayers 
1983). There is a third mode of pristine marine aerosol observed in the literature, the sea salt mode 
centred at 200–500 nm (Ayers & Gras 1991; Covert et al. 1998; Gras 1995; Wiedensohler & Covert 
1996). However, the numbers of particles in this mode account for less than 10 % of the particle 
numbers at Cape Grim (Ayers & Gras 1991). A sporadic nucleation (<20 nm) mode is also sometimes 
observed (Covert et al. 1998; Jaenicke 1979; Wiedensohler & Covert 1996). While the typical particle 
distribution observed at Cape Grim is representative of pristine marine aerosol, it is very different 
from the distribution of primary marine aerosol produced by bubble bursting (Prather et al. 2013). 
Prather et al. (2013) showed that marine aerosol produced from bubble bursting has a broad 
unimodal size distribution centred at ~162 nm. Therefore, it is highly likely that the marine aerosol 
observed at Cape Grim is atmospherically aged and influenced by mainly natural secondary 
processes. 
Particle numbers at Cape Grim have been found to track annually with sinusoidal variation in 
radiation (Bigg, Gras & Evans 1984), suggesting background marine aerosol number concentration in 
the Southern Hemisphere is dominated by photochemically produced particles. The Aitken mode or, 
as it is sometimes referred to, the aged-nucleation mode is thought to come about from particle 
nucleation associated with gas to particle conversion (Brechtel, Kreidenweis & Swan 1998; Clarke, A 
et al. 1998; Hoppel & Frick 1990; Wiedensohler & Covert 1996). The accumulation mode is made up 
to a large extent from non sea salt sulfate which may be sourced from the oxidation of dimethyl 
sulphide (DMS) (Andreae et al. 2003; Andreae & Crutzen 1997; Andreae et al. 1999; Andreae, Elbert 
& Demora ; Bates et al. 2002) emitted by phytoplankton due to their osmotic pressure (Gabric et al. 
2001). The accumulation mode is also thought to occur as a result of cloud processing of marine 
aerosol, and therefore may also have a higher sulfate content caused by the heterogeneous 
conversion of SO2 in cloud droplets (Hoppel et al. 1990; Hoppel & Frick 1990; Hoppel et al. 1994; 
Hoppel, Frick & Larson 1986). 
During the ACE 1 campaign conducted near Cape Grim, sulfate and sea salt were found to be the 
major inorganic components in marine aerosol (Berg, Swietlicki & Krejci 1998; Huebert et al. 1998). 
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Cubic sea salt crystals made up 95 % of the particle volume but less than 5 % of the total particle 
number. In comparison, 95 % of the total number of particles (yet less than 5 % of the total volume) 
had spherical caps that were less than 600 nm in diameter and showed morphology similar to 
ammonium sulfate, occasionally with rings that indicated free sulfuric acid. Aside from the 
dominance of sulfate and sea salt in the inorganic composition of marine aerosol at Cape Grim there 
has always been missing mass that is unaccounted for chemically. Huebert et al. (1998) found 10 to 
40 % of this missing mass was probably accounted for by organic material, and in 100-200 nm 
particles up to 50 % was unidentified mass. Fletcher et al. (2007) suggests another possible source of 
non sea salt aerosol may be hygroscopically inactive organic compounds, for example dicarboxylics 
such as succinic, adipic and glutaric acids, that make up 20 to 40 % of the total number of particles. 
Andrews et al. (1997) and Bigg (2007) have found that organic aerosols are an important source of 
marine CCN.  
The presence of organic compounds in marine aerosol has been known for many years (Blanchard & 
Spencer 1964; Lodge, McDonald & Vihman 1960). Many studies suggest that the majority of marine 
particles smaller than 100 nm consist of organic material with only a small amount of mineral salt 
(e.g. Andreae & Rosenfeld 2008; Bigg, Gras & Mossop 1995; Keene et al. 2007; Nilsson et al. 2007; 
Prather et al. 2013; Quinn et al. 2015). Due to the complexity of organic aerosol and the range of 
compounds that they contain, they remain difficult to quantify. The organic fraction of baseline 
aerosol at Cape Grim has been studied (Keywood 2014), however, the study was conducted on PM10 
aerosol.  Only 3 % of PM10 aerosol was found to contain organic matter. This 3 % could be 
representative of a source of tiny organic marine particles and it provides some insight into what 
could be the composition of these particles. This study showed that the organic matter in baseline 
aerosol was composed of 99 % organic carbon and 1 % elemental carbon. This is typical for a non-
polluted environment as elemental carbon comes from a pollution source. Approximately half (44 %) 
of the organic matter was found to be Water Soluble Organic Carbon (WSOC) and the other half (56 
%) was made up of water insoluble compounds.  
Studies investigating the hygroscopic properties of marine aerosol and CCN at Cape Grim refer to the 
dominance of particles with similar hygroscopic properties to ammonium sulfate (Covert et al. 1998; 
Fletcher et al. 2007). These studies both used Hygroscopic Tandem Differential Mobility Analysers 
(HTDMA) to investigate the hygroscopic properties of marine aerosol at Cape Grim. Covert et al. 
(1998) predicted CCN concentrations using aerosol size distributions and critical growth diameters 
derived from HTDMA measurements. Predicted CCN was then compared to measured CCN 
concentrations and the outcome was that predicted CCN were 20 % higher than measured CCN 
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concentrations. This level of closure was achieved by assuming that most CCN are accumulation 
mode aerosol composed of sulfate. Fletcher et al. (2007) focused on deriving the chemical 
composition of Aitken and accumulation mode aerosol using HTDMA measurements. Fletcher et al. 
(2007) suggests that the Aitken mode is composed primarily of aerosol with similar hygroscopic 
properties to ammonium sulfate or bisulfate. While Clarke, A et al. (2003; 2006) suggests that sea 
salt particles < 90 nm, produced by coastal breaking waves, with a mode centring around 30-40 nm, 
have hygroscopic properties similar to NaCl. Coastal breaking waves can be associated with bubble 
bursting, which has also been found to be an important marine primary organic aerosol source as it 
transfers dissolved or film-forming organic substances from the ocean surface into the particle phase 
in the atmosphere (Cavalli et al. 2004; Leck & Bigg 2005; Middlebrook, Murphy & Thomson 1998; 
Modini, Harris & Ristovski 2010; O'Dowd et al. 2004; Ovadnevaite et al. 2011; Prather et al. 2013; 
Quinn et al. 2015). Bigg (2007) showed there is a significant amount of insoluble organic material in 
marine particles with diameters greater than 200 nm at Cape Grim and suggests that they are 
marine algae and bacterial gel like substances. These gels were found to contain 99 % water which is 
mostly found in the void spaces around the insoluble organic particle core. When the water was 
removed, particle diameters dropped to approximately 40 nm, suggesting that they could also be an 
important source of marine aerosol of this size and although they are insoluble, they are highly 
surface active and could potentially act as CCN.  
There is another way to investigate the hygroscopicity and composition of the Aitken mode aerosol 
that has not been conducted at Cape Grim and is the focus of this study. This study determines CCN 
hygroscopicity parameters (ĸ) (Petters & Kreidenweis 2007) for baseline aerosol at Cape Grim. CCN 
were measured using two CCN counters of the same make and model operated side by side. One 
was used to measure total CCN number concentrations and another to measure Activation 
Diameters (Da) in an EC-CCN-CN system. Da observed was then used with the aerosol size 
distribution to predict CCN concentrations, as well as to determine CCN hygroscopicity parameters 
(ĸ) for the marine aerosol at Cape Grim. A second method using the same data  was used to 
calculate the effective activation diameter (Daeff), which was used to determine effective ĸ. The 
results of this study will be compared to previous hygroscopicity studies conducted at Cape Grim 
using HTDMAs (Covert et al. 1998; Fletcher et al. 2007). 
4.2 Method 
4.2.1 Site  
Intensive ground based measurements were conducted from April to July 2011 at the Australian 
Bureau of Meteorology (BOM) Baseline Air Pollution Station at Cape Grim. The station is located 94 
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m above sea level on top of a steep cliff on the north western tip of Tasmania (40.7˚S, 144.7˚E). The 
station was established in 1976 and its main purpose is to measure changes to the atmospheric 
composition of the Southern Hemisphere. Research programs conducted at Cape Grim are jointly 
supervised by CSIRO’s Oceans and Atmosphere Flagship and the BOM.  
Because of the location of the station, clean Southern Ocean air is the prevailing particle source 35-
40 % of the time (Covert et al. 1998). When an air mass originating from over the Southern Ocean 
passes over the site, this air contains only marine aerosols with little or no anthropogenic influence. 
In this study these air masses are called baseline air.  
The site is also influenced by outflows from mainland Australia (particularly from the urban city 
centre Melbourne) and Tasmania which transport gaseous and particulate anthropogenic 
components as well as dust to Cape Grim. In this study air masses originating from Melbourne are 
referred to as aged urban air. 
Instruments were set up inside Cape Grim Baseline Air Pollution Station. Figure 28 shows the 
different types of instruments and the parameters they measured during this study. All the 
instruments drew air from the main laboratory inlet manifold which samples 10 m above roof level 
(or 104 m above sea-level). Instruments were set to Australian Eastern Standard Time, and times 
were automatically updated by a server every 10 minutes. 
4.2.2 CCN number concentration 
Two continuous-flow stream-wise thermal gradient CCN counters (DMT CCNC-100) operated 
throughout the field campaign. The first CCN counter recorded ambient CCN number concentrations 
at 0.69 % Supersaturation (S) every second. Throughout the campaign, this CCN counter operated at 
the recommended flow rate of 0.5 L min-1 with a sheath to aerosol flow of 10:1, made up of an 
aerosol flow of 0.045 L min-1 and a sheath flow of 0.45 L min-1. As this CCN counter is always located 
at Cape Grim, it is also referred to as the Cape Grim CCN counter throughout this chapter. 
Minute averages were calculated from the raw data collected by the CCN counter. Hourly averages 
used in section 4.3.1 were calculated from the minute averages, hours containing less than 55 
minutes were removed from the data. Minute averages were also used to calculate weekly baseline 
averages to use in section 4.3.4. This data is referred to as CCN observed in section 4.3.4. 
4.2.3 CCN activity 
Toward the end of March in 2011, over a three week period, the second CCN counter (also referred 
to as the field CCN counter) was used with an Electrostatic Classifier (EC, TSI3081) and a 
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Condensation Particle Counter (CPC, TSI3772) to measure CCN activity spectra. This system is 
referred to as an EC-CCN-CN system. The EC operated with an aerosol flow rate of 1.5 L min-1, with a 
sheath to aerosol flow of 5:1. The aerosol flow of the EC was controlled by a combination of the CPC 
(1 L min-1) and CCN counter (0.5 L min-1) inlet flows. The CCN counter operated with an inlet flow 
rate of 0.5 L min-1 with a sheath to aerosol flow of 7:1, made up of an aerosol flow of 0.0625 L min-1 
and a sheath flow of 0.4375 L min-1. These flows were chosen to lower the dilution of the air in the 
instrument because the concentration of particles observed at Cape Grim, particularly in baseline 
air, was so low. 
 
CN10 distribution observed:    +        
 
 
CN10 total observed: 
 
 
CCN observed: 
 
 
Da observed: 
 
 
CCN predicted:   CN10 distribution observed (SMPS systems combined)     +     Da observed 
Effective Da:  CN10 distribution observed (SMPS systems combined)  +     CCN observed 
Figure 28 Schematic of the instruments used to measure different parameters. 
The CCN counter in the EC-CCN-CN system cycled through five Supersaturations (S) ranging from 
0.14 to 1.15 %. Within each S, up to nine size fractions of aerosols were selected by the EC. Actual 
Field CCN 
counter 
Field SMPS 
(EC + CPC) 
Cape Grim 
CCN counter 
Field nano SMPS 
(EC + CPC) 
Field EC 
Field CPC 
TSI3772 
Cape Grim 
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size fractions selected varied for each S. The EC was set up to select and hold each size fraction of 
aerosol (or voltage step) for 5 minutes. As well as this, 5 minutes were allowed as transition time 
between each S. Therefore each CCN activity spectra took approximately 50 minutes to collect. CCN 
activity spectra were used to obtain Da observed as discussed in sections 4.3.3. 
Both CCN counters were calibrated according to the van’t Hoff (VH) factor model VH4 described by 
Rose et al. (2008) with nebulised, size selected ammonium sulfate particles; for more detail refer to 
section 2.3.2. Errors in S are estimated to be + 5 % based on the variability in column top 
temperatures during field campaigns (Rose et al. 2008).  
Counting efficiencies were also compared between the two instruments (refer to section 2.2.3); the 
field CCN counter (used in the EC-CCN-CN system) counted 19.5 % more ambient CCN than the Cape 
Grim CCN counter. The concentrations from the Cape Grim CCN counter were scaled up to match 
the concentrations from the field CCN counter so that the two measurements were comparable. This 
variation may cause an error in the estimate of Da of approximately 21 %. 
4.2.4 Aerosol size distribution and number concentration 
The number concentration of particles with a minimum diameter (d50) of 10 nm (CN10) was 
measured every second, and an average value recorded every minute, throughout the field 
campaign with a Condensation Particle Counter (CPC, TSI3010).  
Aerosol number size distributions were measured semi-continuously with two instruments: a 
custom-made Scanning Mobility Particle Sizer (SMPS) consisting of a long Differential Mobility 
Analyser (DMA, TSI3071A) column and CPC (TSI3010); and a custom-made nano-SMPS consisting of a 
short DMA (TSI3085) column and CPC (TSI3776). The SMPS measured the aerosol number size 
distribution of particles in the range 15 to 736 nm, while the nano-SMPS measured the aerosol 
number size distribution of particles in the range of 4.6 to 156 nm.  Size distributions were measured 
over 5 minute intervals. Both the SMPS and nano-SMPS systems were run with aerosol flows of 0.30 
± 0.03 L min-1 and sheath flows of 3.0 ± 0.3 L min-1 so that the broadest distribution possible could be 
measured by the instruments. The variation of 10 % in the sheath flow may cause an error in the 
sizing accuracy of the SMPS systems of up to 8 %. Sizing accuracy of the two SMPS systems was also 
checked using Polystyrene Latex (PSL) solution, and the result of this check was that sizing errors 
were found to be less than 2 %.  
SMPS data were scaled to nano SMPS data to produce a smooth distribution from 10 to 736 nm 
(Figure 32). CN10 data collected by the CPC TSI3010 were used to determine the extent of 
undercounting in the combined SMPS data (for 10 to 736 nm particles), and a scaling factor of 5.6 % 
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was determined. (Appendix 3 has more detail about the how the scaling factor was determined). 
SMPS data were scaled up to match CPC data before being used to determine predicted CCN 
concentration in section 4.3.4. 
4.2.5 Data Screening  
Data collected at Cape Grim were screened to represent two different air masses passing over the 
site:  
1. Baseline air – air mass originates over the Southern Ocean and has had no significant 
contact with land. At Cape Grim this is routinely monitored and logged by a baseline switch. 
Baseline air was selected by the baseline switch when the air mass arrives at the station 
within a specified wind sector, 190 – 280 degrees (Figure 29), and when the CN10 number 
concentration is below a certain threshold based on its natural seasonal cycle (varying from 
350 #/cm3 in winter up to 1500 #/cm3 in summer). The baseline switch has two modes: 
When the air is under baseline conditions a 1 was logged, when the air is not under baseline 
conditions a 0 was logged. During the field campaign baseline conditions occurred 33.5 % of 
the time.  
Only full CCN spectra that occurred under baseline conditions were used in sections 4.3.3. 
The number of valid spectra under baseline is presented in Table 3.  
In section 4.3.4 CCN minute averages were used to calculate weekly baseline averages of 
CCN number concentrations (only for periods under baseline conditions lasting longer than 
30 minutes).  
 
Figure 29 Map of site showing baseline wind sector.  
2. Aged urban air – originates from the urban city centre Melbourne, and travels across the 
oceanic waters of Bass Strait before it reaches Cape Grim. Aged urban air was selected based 
on NOAA air mass back trajectory analyses (Draxler & Hess 1997) and correlations with 
several urban marker species (CFC-12, CCl2F2; HFC-134a, CH2FCF3) were used to confirm that 
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the CCl4 pollution events seen at Cape Grim (and used to derive CCl4 emissions) originated 
from the Melbourne–Port Phillip region. This method and the sources of CCl4 are described 
in detail by Fraiser et al. (2014). During the field campaign aged urban air occurred 16.5 % of 
the time.    
Only full CCN spectra that occurred under aged urban air conditions were used in section 
4.3.3. The number of valid spectra under aged urban air is presented in Table 3. 
4.2.6 Activation diameters and hygrocopicity parameters 
Activation Diameters (Da) from CCN activity spectra provide the minimum size a particle needs to be 
in an aerosol population in order to grow into a CCN at a specified S. Theoretically, if the aerosol 
composition is internally mixed (e.g. all one type of particle) then all particles with diameters greater 
than Da will activate and grow to become CCN. CCN activity spectra (Figure 33) were fitted with an s-
shaped function (Winklmayr, Wang & John 1990) to calculate Da 
𝐸 𝐷𝑝 =  1 +  
𝐷𝑎
𝐷𝑝
 
2𝑠𝑡
 
−1
 
 (14) 
 
Dp = aerodynamic diameter 
Da = activation diameter 
st = steepness of s-shape 
E = fitted activation ratio for each size bin 
The best fit curve is calculated by determining the minimum mean square error between the 
measured and fitted activation ratios for all diameters. This was determined using the Solver 
function in Excel. The fitted s-shaped function can be seen as the dotted lines in Figure 33. The 
calculation of this function also provides a means of calculating Da, which was taken to be the 
diameter where the fitted curve has CCN/CN = 0.5.  
Da observed (presented in Table 3 and Figure 34) from each CCN efficiency spectrum was then taken 
as the critical dry diameter (Dd) for the CCN activation of ambient particles. Dd was used to calculate 
hygroscopic parameters (κ), presented in section 4.3.5, with the following equation (Petters & 
Kreidenweis 2007) 
𝜅 =
256
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ĸ = hygroscopicity parameter 
Mω = molecular weight of water = 0.018015 kg·mol
-1 
ς = surface tension of droplet = 0.072 J·m-2 
R = Universal gas constant = 8.314472 J·K-1·mol-1 
T = temperature at top of CCN column = t1 + 273.15 K 
ρω = density of water = 997.1 kg·m
-3 
Sc = critical supersaturation (e.g. 1.005 for 0.5 % S) 
Dd = particle diameter (m)  
4.2.7 Predicting CCN concentration 
CCN concentration was predicted using Köhler theory by integrating the number size distribution of 
the aerosol for diameters greater than the critical dry diameter (Dd) at a specified supersaturation 
(0.68 % S). The critical dry diameter is taken to be Da observed from EC-CCN-CN measurements, and 
was determined from CCN activity spectra as described above (section 4.2.6). All particles containing 
a similar composition at sizes larger than the critical diameter will grow into cloud droplets as well. 
Therefore, the integral of the size distribution above this critical diameter is the predicted CCN 
concentration.  
4.2.8 Calculating Effective Activation Diameter (Daeff) 
Effective Activation Diameters (Daeff) were calculated by integrating aerosol size distributions 
(section 4.3.2) from the largest to the smallest diameter until CCN concentration (section 4.3.1) 
equalled the summed aerosol concentration. This model assumes that all larger particles in the 
distribution are CCN active, and the smallest size arrived at is presumed to be Daeff. Daeff may also be 
used to determine the Effective Hygroscopic Parameter (κeff) using equation 31. 
4.3 Results and Discussion 
4.3.1 Particles, CCN and activation ratios at Cape Grim – an overview 
Ambient variability in CN10 and CCN concentrations at 0.69 % S at Cape Grim are presented in Figure 
30. Concentrations shown in Figure 30 are hourly averages, and 24 hour running averages are 
overlaid as a black line. The 24 hour running averages in Figure 30 shows that CCN concentration at 
0.69 % S generally followed the same pattern as CN10. The 24 hour running averages in Figure 30 also 
show that activation ratios followed a different pattern from the aerosol and CCN concentrations. 
Figure 30 also shows when the air masses originated from the two different sources investigated in 
this study, identified in section 4.2.5: baseline and aged urban air. Both conditions occurred 
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sporadically throughout the campaign based on the wind direction and back trajectories. In total 
throughout the campaign, baseline conditions occurred approximately 33.5 % of the time and 75 % 
of the baseline time occurred as short bursts lasting less than 30 minutes. The longest period of 
baseline lasted just under 2 days, commencing 10:10 am on the 25th of May 2011. In comparison, 
aged urban air passed the site approximately 16.5 % of the time – about half as often as the 
frequency of baseline. These episodes lasted a lot longer than baseline episodes however – at least 7 
hours each time with the longest spurt of aged urban air lasting 4 days and 7 hours commencing at 
10:00 am on 18th of May 2011. 
 
Figure 30 Time series of CN10, CCN at 0.69 % S and activation ratios.  
Hours completely in baseline air and/or aged urban air were separated and compared to all hours of 
data collected throughout the campaign in Figure 31 which shows that baseline air contains very few 
particles and CCN, approximately one sixth of the campaign average concentrations. Aerosol and 
CCN concentrations under the aged urban source are almost 3 times higher than the campaign 
average – which is expected for air masses originating from pollution sources. Mean hourly 
activation ratios for the entire campaign ranged from 0.32 + 0.09 (see Appendix 4 for calculation of 
these values). Figure 31 shows that aged urban aerosol hourly activation ratios were not significantly 
different from the campaign average: 0.33 + 0.09. However, baseline aerosol hourly activation ratios 
were 22 % higher than the campaign average: 0.39 + 0.09. Therefore, on average a greater 
proportion (22 % more) of baseline marine aerosol was activating in comparison to aged urban 
marine aerosol at 0.69 % S.  
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Figure 31 Bar plots of CN10, CCN at 0.69 % S and activation ratios. Error bars are 95 % confidence intervals. 
4.3.2 Aerosol size distributions 
Figure 32 shows that the aerosol number size distribution for baseline aerosol is bimodal, and the 
distribution is almost evenly split between the two modes. The centre of the smaller size mode 
(Aitken mode) occurs at approximately 30 nm and the centre of the larger size mode (accumulation 
mode) occurs at approximately 120 nm and this is typical for baseline air (Covert et al. 1998; Gras 
1995; Gras & Ayers 1983) as discussed in section 4.1 on page 78.  
 
Figure 32 Size distributions of baseline and aged urban aerosol. Error bars are 95 % confidence intervals.  
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In comparison, aged urban aerosol has one dominant mode (accumulation mode) centred at 
approximately 120 nm with a larger width than baseline. The much higher concentration of aged 
urban aerosol in comparison to baseline can also be seen in the size distributions shown in Figure 32. 
The aged urban aerosol distribution is also typical of polluted/anthropogenic aerosol.  
4.3.3 CCN activity 
CCN activity spectra for baseline and aged urban aerosol at five S are presented in Figure 33 and 
Table 3 which shows that baseline aerosol data are more variable than aged urban aerosol. The 
variability in the data can be attributed to the low concentrations in baseline air. Activation 
diameters (Da) from CCN activity spectra were taken to be the critical dry diameter (Dd) or the 
minimum size a particle needs to be in an aerosol population in order to grow into a CCN at a 
specified S. The smaller Da the more hydrophilic the aerosol population. Aged urban aerosol in 
general, had a larger Da at all S when compared to baseline aerosol suggesting that baseline aerosols 
are composed of more hydrophilic materials than aged urban aerosols.  
 
Figure 33 CCN efficiency spectra. Left is baseline marine aerosol. Right is aged urban marine aerosol. 
Table 3 shows that the observed Da at 0.68 % S was 32 nm + 1 nm. This value falls within the 
smallest baseline aerosol mode observed in Figure 32, suggesting that both Aitken and accumulation 
mode baseline aerosol is large enough to activate at 0.68 % S. Yet at 0.69 % S (from section 4.3.1) 
observed activation ratios show that at least half of the aerosol at this S was not activating. Even 
though the S is not exactly the same in both measurements, the difference in S is not large enough 
to make such a difference in the number of activating aerosol. A similar thing is observed with aged 
urban aerosol, at 0.68 % S, the observed Da for aged urban air is 42 + 6 nm. Again, the size 
distribution in Figure 32 suggests that most of the urban influenced marine aerosol is large enough 
to activate at 0.68 % S, however, at 0.69 % S (from section 4.3.1) more than half are not activating. 
One explanation for the fewer number of particles activating than expected based on observed Da 
may be that the aerosol composition is externally mixed (e.g., different types of particles are present 
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in the aerosol population, some activating particles and some not). It is not unrealistic to assume 
that the aerosol is externally mixed considering the complexity of marine aerosol as discussed in 
section 4.1.  
Table 3 Marine aerosol activation diameters (Da) and hygroscopicity parameters (κ) 
 
Observed Da from Cape Grim were also compared to Da obtained in other marine studies in Figure 
34. Aged urban aerosol had observed Da similar to studies conducted in the Northern Hemisphere 
where the anthropogenic influence is significant in the marine environment (Furutani et al. 2008; 
Mochida, M et al. 2011). Interestingly, the study conducted in tropical waters (Good, Coe & 
McFiggans 2010) had Da values that were similar to baseline aerosol Da observed from this study. 
The reason for the similarity between baseline and the tropical site may be because of the 
meteorology of tropical locations – it is common to observe large updraft velocities pushing aerosols 
up into the upper troposphere as well as an increase in fall out by increased rainfall – meaning that 
the aerosol left to observe in the tropics are more localised and potentially more natural marine 
emissions and less influenced by anthropogenic emissions.  
4.3.4 Comparison between observed and predicted CCN concentrations 
CCN concentrations can be predicted at 0.68 % S from data presented in sections 4.3.2 and 4.3.3 and 
compared to the observations of CCN at 0.69 % S from section 4.3.1 (Figure 30 and Figure 31). The 
integral of the aerosol size distribution for baseline marine aerosol from section 4.3.2 (Figure 32) for 
diameters greater than the observed Da for baseline aerosol (32 nm) at 0.68 % S (Table 3) is used to 
predict CCN concentration based on particle size. This method assumes that the aerosol composition 
S (%) 
Mean Da 
(nm) 
Da range 
(nm) 
Da 95% 
confidence 
Mean κ 
κ 95% 
confidence 
Number of 
CCN spectra 
 
Baseline marine aerosol 
0.14 98 90 – 105 3 0.76 0.08 8 
0.38 45 42 – 48 2 1.07 0.15 6 
0.68 32 31 – 33 1 0.93 0.07 5 
0.96 25 23 – 27 1 0.93 0.14 6 
1.15 24 23 – 28 1 0.77 0.11 7 
 
Aged urban marine aerosol 
0.14 123 100 – 142 19 0.42 0.20 4 
0.38 68 59 – 74 12 0.36 0.15 3 
0.68 42 35 – 47 6 0.44 0.20 4 
0.96 35 32 – 37 3 0.34 0.09 3 
1.15 30 29 – 32 3 0.38 0.11 2 
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is internally mixed; however, based on the discussion in section 4.3.3 this may not be the case for 
the aerosol types under investigation in this study. Theoretically, for internally mixed aerosols where 
only one type of particle is present, all of the particles in the size distribution larger than the 
observed Da should act as CCN at the given S. This is definitely not the case in Cape Grim, the 
predicted and measured CCN concentrations are presented in Figure 35. The predicted and observed 
CCN concentrations are significantly correlated (R2 = 0.93); however, the predicted CCN 
concentration is more than double the observed CCN concentration.  
 
Figure 34 Mean Da compared with other studies. The data from this study are presented with 95 % confidence 
intervals as error bars, other studies are varied types of errors (e.g. standard deviations and min and max 
values). Dashed lines are indicative of various κ-values as described in the legend.  
Differences in the instrument counting efficiencies account for only a small fraction of this 
discrepancy. The comparison of the two CCN concentrations counted by the two counters was 19.5 
% (refer section 2.2.3) and the difference between CN concentrations counted by the two particle 
counters used was 5.6 % (Appendix 3). Figure 35 shows by factoring these differences into the 
relationship between predicted and observed CCN concentrations the magnitude of the discrepancy 
is reduced from 2.0 (95 % confidence intervals of 1.6 to 2.4) to 1.8 (95 % confidence intervals of 1.5 
to 2.1). However, these slopes are not significantly different. Lastly, the uncertainty in the 
calculation of Da due to variability in the SMPS sheath flows was 6 - 7.5 % and the difference in the 
measured mode diameters between the two SMPS systems was + 14 % (section 2.5.2). This can alter 
the predicted CCN concentration by up to 2 and 4 %, respectively, which isn’t large enough to 
account for the variation between predicted and observed CCN (80 %). 
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Covert et al. (1998) also predicted CCN in baseline marine CCN at Cape Grim and overestimated 
observed CCN by 20 %. The magnitude of the discrepancy is higher in this study (80 %) though the 
correlation between predicted and observed CCN is better R2 = 0.9 (this study) as opposed to R2 = 
0.7 from Covert et al. (1998). An interesting observation by Covert et al. (1998), concerns the 
distribution of CCN at 0.5 % S in Aitken, accumulation and sea salt particles. Most of the CCN active 
aerosol at 0.5 % S (71 %) were in the accumulation mode, only 13 % of the total CCN measured 
occurred in the Aitken mode (<80 nm) and 16 % occurred in the sea salt mode (>200 nm). Based on 
the observation by Covert et al. (1998) that Cape Grim CCN are mostly accumulation mode aerosol, 
the large numbers of Aitken mode particles observed in baseline air during this study may account 
for the discrepancy between predicted and observed CCN. It appears that this method is not robust 
enough to predict the concentration of baseline CCN; Covert et al. (1998) also suggested that closure 
is not achievable by this method. 
 
Figure 35 CCN closure plot. 
4.3.5 Activating aerosol chemical composition based on Köhler Theory  
Hygroscopicity parameters (ĸ) provide information about the composition of particles, in particular 
in regards to their water solubility. κ represents a quantitative measure of aerosol water uptake 
characteristics and CCN activity. Typically ĸ equal to 0 refers to hydrophobic particles and ĸ of 
around 1 refers to hydrophilic particles (ĸ for pure NaCl particles has been reported to be between 
1.12 and 1.28 depending on the method used to determine it (Petters & Kreidenweis 2007)). ĸ-
values for aerosols which are mixtures, common for ambient aerosols, can be determined using Da 
observed in this study (from section 4.3.3) as the critical dry diameter (Dd) in equation 31. 
In this study, κ derived from Köhler theory for baseline marine aerosol was 0.89 and aged urban 
marine aerosol had a much lower value of 0.39. Past studies have reported marine aerosol to be 
hydrophilic, ĸ = 0.72 + 0.24 (e.g., Andreae & Rosenfeld 2008) which falls between the κ-values for 
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baseline and aged urban influenced marine air derived in this study. The κ-values from this study 
also show that aged urban marine aerosol is less hydrophilic than baseline marine aerosol. This may 
be because marine aerosol linked to pollution sources are said to contain organic carbon (OC) and 
elemental carbon (EC) particles associated with sulfate and nitrate (Furutani et al. 2008). Furutani et 
al. (2008) showed the effect of aging anthropogenic aerosol CCN activity from distance to 
shore/pollution source was linked to BC.  
As part of this study, ĸ was also determined for standard synthetic chemical compositions expected 
to be in marine particles. Nebulised solutions of 0.1 % w/v NaCl, (NH4)2SO4 and a 1:5 mix of 
MSA:(NH4)2SO4 were run through the EC-CCN-CN system to measure Da of these compositional 
mixtures; measured Da were then used as Dd to calculate ĸ for each composition. Results of these 
measurements are shown in Figure 34. Each slope in Figure 34 represents a different κ. Figure 34 
shows that baseline κ were most similar to ammonium sulfate (mean κ = 0.77). This means that 
baseline marine particles behave in a similar way to ammonium sulfate particles in terms of their 
hygroscopicity – supporting the suggestion by Covert et al. (1998) that most CCN are accumulation 
mode aerosol because this is where the bulk of ammonium sulfate is found. κ for aged urban marine 
aerosol was a lot lower than all of these standards measured, and similar to values expected for 
continental aerosols (κ ~ 0.3) (Andreae & Rosenfeld 2008).  
Table 4 CCN derived versus growth derived κ for this study and other comparative studies. 
 
ĸ for many chemical compounds has been classified in past laboratory studies, those of interest to 
this study are presented in Table 4. ĸ determined in this study were derived using observed Da in an 
EC-CCN-CN system, described in Table 4 as CCN derived ĸ. The ĸ-values calculated in this study are 
higher than other studies, however not significantly different from other studies. ĸ can also be 
Aerosol type CCN derived κ Growth derived κ 
Baseline marine aerosol 0.89 (0.76-1.07) … this study 0.51-0.57 … (Fletcher et al. 2007) 
0.38 … (Covert et al. 1998) 
Aged urban marine aerosol 0.39 (0.34-0.44) … this study  
(NH4)2SO4 0.61 … (Petters & 
Kreidenweis 2007) 
0.77 (0.61-0.89) … this study 
0.53 (0.33-0.72) … (Petters & 
Kreidenweis 2007) 
 
NaCl 1.28 … (Petters & 
Kreidenweis 2007) 
1.48 (1.10-1.88) … this study 
1.12 (0.91-1.33) … (Petters & 
Kreidenweis 2007) 
(NH4)2SO4 : MSA (5:1) 0.73 (0.56-0.82) … this study  
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determined using HTDMA hygroscopic growth factors and these values from other studies are also 
presented in Table 4, as growth derived ĸ. Of particular interest are two other studies conducted in 
Cape Grim (Covert et al. 1998; Fletcher et al. 2007) which provide HTDMA growth factors for 
baseline air. Using the growth factors for baseline aerosol presented in these studies, growth 
derived ĸ are determined (see Appendix 5 for calculations) and shown in Table 4. The growth derived 
ĸ for baseline marine aerosol are compared to growth derived ĸ for ammonium sulfate and sodium 
chloride taken from Petters and Kreidenweis (2007), and show good agreement, again suggesting 
that baseline marine aerosol at Cape Grim behave similarly to ammonium sulfate particles in terms 
of their hygroscopicity.  
4.3.6 Effective hygroscopicity parameters (ĸeff) calculated using effective Activation 
Diameter (Daeff) 
As opposed to assuming all particles greater than observed Da will be CCN active (as in sections 4.3.3 
and 4.3.4), the process (described in section 4.2.8) for calculating the effective Activation Diameter 
(Daeff) assumes that all larger particles in the distribution are CCN active. In this work Daeff was 
calculated to be 116 nm (with a 95 % confidence interval of 10 nm) at 0.69 % S, this was considerably 
larger than the observed Da of 32 nm at 0.68 % S (taken from Table 3). 
ĸeff calculated from Daeff resulted in a very different image of the composition of marine CCN at Cape 
Grim. ĸeff determined by Daeff equalled 0.04 with a 95 % confidence interval of 0.01. ĸ equal to zero is 
indicative of hydrophobic or insoluble organic aerosol (Cubison et al. 2008; Mircea et al. 2005; 
Stroud et al. 2007) and black carbon (Weingartner, Burtscher & Baltensperger 1997), whereas ĸ 
around 0.1 is indicative of moderately soluble organics and Secondary Organic Aerosols (SOA) 
(Engelhart et al. 2008; Engelhart et al. 2012; Gunthe et al. 2009; Moore, M et al. 2011; Wang, J et al. 
2010). The new image of marine aerosol that may activate and grow to become CCN, by this 
method, are aerosol composed primarily of insoluble organic material. Studies conducted at Mace 
Head (Ovadnevaite et al. 2011) and in the Arctic (Orellana et al. 2011) both describe CCN active 
particles with similar properties, i.e., organic aerosol with low hygroscopicities. These studies 
suggest that marine microgels may be a possible marine source of these types of CCN active 
particles. Marine microgels have also been observed in marine aerosol at Cape Grim (Bigg 2007). 
4.4 Summary and Conclusions 
Aerosol and CCN observations were conducted at Cape Grim in 2011. CCN concentrations at 0.69 % S 
were seen to follow CN10 concentrations, with an average of between 30 and 40 % of particles 
activating and able to grow into CCN throughout the campaign. Aerosol at Cape Grim was separated 
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into two main sources: baseline and aged urban air masses. Approximately 22 % more baseline 
aerosol were CCN active than aged urban aerosol at 0.69 % S. Baseline aerosol was bimodal and the 
aerosol distribution observed was almost evenly split between the two modes: an Aitken mode 
(midpoint diameter ~30 nm) and an accumulation mode (midpoint diameter ~120 nm). Aged urban 
aerosol was composed of one dominant accumulation mode (midpoint diameter ~120 nm).  
Activation diameters (Da) observed for baseline and aged urban marine aerosol at Cape Grim 
showed that overall baseline aerosol was more hydrophilic than aged urban marine aerosol. Average 
Da observed for baseline aerosol at 0.68 % S was 32 nm. At this S most of the aerosol (both Aitken 
and accumulation modes) in baseline air were large enough to be able to activate.  However, 
activation ratios were also measured at 0.69 % S and showed that less than 50 % of the aerosol 
population was activating. Da for aged urban aerosol produced a similar observation. Da at 0.68 % S 
for aged urban aerosol was 42 nm, most of the aged urban aerosol observed were accumulation 
mode aerosol and large enough to activate. However, only 30 % of the particles were CCN active at 
0.69 % S in aged urban marine air. If all of the aerosol were the same composition (an internal 
mixture) then all of the aerosol greater than Da would have activated, resulting in a much greater 
proportion of aerosol activating than actually measured; however, because this is not the case, it 
suggests that at least two types of particles are present in this air mass. The simplest scenario is that 
there is one group of CCN active aerosol and one group of CCN inactive aerosol. 
Closure was not achieved with baseline marine aerosol with the data collected in this study. Da was 
used with the aerosol size distributions to predict CCN concentrations. Predicted CCN concentrations 
were 80 % higher than observed CCN concentrations. The over-prediction may be related to the 
assumption by this method of an internally mixed aerosol population (i.e. only one particle 
type/composition present) as this is not the case for marine aerosol at Cape Grim.  
Hygroscopicity parameters (κ) can be used to provide some information about the composition of 
the aerosol under investigation. κ for baseline aerosol were determined by two methods in this 
study. The first method assumed that all particles greater than Da were CCN active, and observed Da 
were used to calculate κ. The second method assumed all of the larger particles in the distribution 
were CCN active, and the aerosol distribution was integrated from the largest size down until the 
concentration is equal to CCN observed. The diameter arrived at is Daeff, which is then used to 
calculate κeff. Both methods assume an internally mixed aerosol (even though this is not the case for 
baseline aerosol). When comparing ĸ-values calculated using Da observed and Daeff, two very 
different pictures of marine CCN emerge. κ was 0.89, indicative of an aerosol population with 
hygroscopic properties similar to ammonium sulfate. κeff was 0.04, indicating an aerosol population 
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with hygroscopic properties similar to insoluble organic material. Is the ĸ-value representing 
ammonium sulfate true or is the ĸ-value representing insoluble organic aerosol more accurate? 
Growth derived κ calculated from other studies were similar to CCN derived κ from Da in this study 
and suggested an aerosol composition with similar hygroscopic properties to ammonium sulfate. 
Both methods used here are not robust enough potentially because their assumptions are too 
simplistic and based on an internally mixed aerosol population. It appears that marine aerosol is an 
external mixture of aerosol and there is more than one source of particles in this environment.  
The composition of marine aerosol and CCN is an ongoing debate in the literature largely because 
the size of the marine aerosol are very small and their composition is difficult to measure. From the 
results of this study it is unclear if the 30 to 40 % of marine aerosol that are CCN active have multiple 
marine sources or if they come from a single source. A better understanding may be possible by 
trying to predict CCN concentration by varying combinations of external mixtures of aerosol, taking 
into consideration that over 50 % of the aerosol are not CCN active at 0.69 % S. This approach may 
be of interest in future studies. Knowing the chemical composition of these small particles including 
the organic content (WSOC and insoluble organics) would definitely help gain a better understanding 
of the sources of marine CCN. 
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Chapter Five: CCN activity of biogenic tropical aerosols 
influenced by biomass burning emissions in Gunn Point, 
Australia  
 
 
 
 
Figure 36  Site and instruments. Photos taken by the author. 
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5.1 Introduction 
Aerosol-cloud interactions in the tropics are important on a regional and global scale. To improve 
modelled climate variability in Australia, a priority area for research is to better understand the 
sources of aerosols, their precursors, and their atmospheric distributions and transformations in the 
tropics (Rotstayn et al. 2008). Aerosols sourced in the tropics can readily be pushed up into the 
upper troposphere where they can travel to other regions and potentially have an impact on a global 
scale. These upward air movements are on the same scale as those caused by volcanic eruptions and 
commonly occur in the tropics in the form of Hector storm clouds and pyrocumulous clouds. Clouds 
of smoke from biomass burning emissions in northern Australia have been shown to penetrate into 
the upper troposphere (Ristovski et al. 2010). As well as this, the faster the upward movement the 
higher the supersaturation in the air mass. Therefore with these rapidly moving air masses there is a 
greater potential for aerosols to form into Cloud Condensation Nuclei (CCN) in the upper 
atmosphere.  
Another reason for conducting observations of aerosol-cloud interactions in the tropics is that 
atmospheric conditions in the tropics favour CCN formation. The tropics is the most photochemically 
active region in the atmosphere because of high UV and significant concentrations of hydroxyl 
radicals (OH) (Andreae & Crutzen 1997). The tropics also has a potentially rich source of organic 
precursor material that may be readily converted into aerosol via photochemical reactions and 
mixing in the atmosphere (Kanakidou et al. 2005). Recent studies have shown organic CCN activity 
increases with OH concentrations over time (Donahue et al. 2012; Engelhart et al. 2008; Jimenez et 
al. 2009; Suda et al. 2014; Wang, J et al. 2010). The presence of OH is important for the 
hygroscopicity of the aerosol in terms of creating particles with an affinity for water vapour. The 
constant photochemical mixing in the presence of OH means that there is a greater chance that 
aerosols may become more hydrophilic and/or grow large enough in size to be CCN active in the 
tropics. Observations of atmospheric transformations of aerosols have shown that organic sources in 
the tropics play an important role in CCN formation (e.g., Mircea et al. 2005). 
There are two distinct seasonal cycles in the tropics that influence aerosol concentrations. In the wet 
season, sea salt is the dominant source of coarse aerosol in northern Australia (Allen et al. 2008). In 
the dry season, biomass burning emissions from wildfires and prescribed fires in savanna regions 
have been identified as the dominant source of aerosols in northern Australia (Gras et al. 1999; Liley 
et al. 2002; Luhar et al. 2008; Meyer, Luhar & Mitchell 2008). In the Amazon, biomass burning 
emissions have been found to increase aerosol concentrations to up to 10 times higher than in the 
wet season (Artaxo et al. 1990; Artaxo et al. 2002; Guyon et al. 2003; Mkoma et al. 2009). Organic 
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carbon has been shown to be the most abundant aerosol component emitted during biomass 
burning laboratory experiments (McMeeking et al. 2009) and may well be the main source of organic 
material in the tropics. Allen et al. (2008) found that submicron aerosol in the dry season in northern 
Australia was composed of both fresh and aged organic material linked to smoke, with a significant 
fraction of BC and significant correlation with CO.  
For this study, field measurements were conducted at the Centre for Australian Weather and 
Climate Research’s (CAWCR) Tropical Atmospheric Research Station at Gunn Point, a remote tropical 
location in the Northern Territory (NT) Australia. In Australia, on average approximately 550,000 km2 
of savannahs (tropical and arid) burn annually (Russell-Smith et al. 2009). The observational 
campaign was conducted in the dry season during which prescribed burns and wild fires occur 
frequently, and sometimes extensively, throughout the region. Biomass burning emissions were the 
dominant source of aerosol during the campaign. Biomass burning aerosol are climatically significant 
and have been found to cause atmospheric heating (O'Brien & Mitchell 2003) and atmospheric 
cooling at the top of the atmosphere (Luhar et al. 2008) in northern Australia. Aerosols formed 
during biomass burning events have also been found to modify cloud properties and indirectly 
impact radiative forcing (Liu, X & Wang 2010; Reutter et al. 2009). The indirect climate impact of 
biomass burning aerosol can be investigated by observing their CCN activity in the atmosphere and 
this is the focus of this study. 
There are many studies that have been conducted on the CCN activity of biomass burning aerosol 
(e.g., Carrico et al. 2010; Engelhart et al. 2012; Giordano, Espinoza & Asa-Awuku 2015; Giordano et 
al. 2013; Hennigan et al. 2011; Lambe et al. 2015; Lathem et al. 2013; Martin et al. 2013; Martins et 
al. 2009; Novakov & Corrigan 1996; Petters et al. 2009a; Rose et al. 2010). The ability of biomass 
burning aerosol to act as CCN has been found to depend upon burning conditions such as the 
combustion temperature of the fire, the composition of the air that the plume passes (Petters et al. 
2009a; Vestin et al. 2007) and the oxidative aging of these emissions (Engelhart et al. 2012; 
Hennigan et al. 2011). It has been shown that organic aerosol hygroscopicity increases with the 
oxygenated state of the aerosol and the oxygen:carbon ratio increases with photochemical activity 
(Cubison et al. 2011; Jimenez et al. 2009; Pratt et al. 2011; Suda et al. 2014; Wonaschütz et al. 2013). 
Biomass burning emissions produce a complex mixture of particles that are non-uniform and non-
spherical when freshly emitted (Giordano, Espinoza & Asa-Awuku 2015). The shape of the aerosol 
may result in an overestimate of activation diameters (Da) when using electrical mobility diameters 
instead of volume equivalent diameters to assess CCN activity of the aerosol (Giordano, Espinoza & 
Asa-Awuku 2015). This is because volume equivalent diameters assume that the particles are 
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spherical. With time and photochemical exposure biomass burning aerosol can be transformed by 
being coated with secondary organic species (Lambe et al. 2015; Nakao et al. 2011; Wang, J et al. 
2010) and become more spherical (Giordano, Espinoza & Asa-Awuku 2015) and more hygroscopic 
with age (Carrico et al. 2010; Engelhart et al. 2012; Petters et al. 2009a; Wonaschütz et al. 2013). The 
secondary aerosol mass coats the primary aerosol and in the process fills in the void spaces inside 
(Giordano, Espinoza & Asa-Awuku 2015). The time it takes for this to occur can be as short as 1-2 
hours after emission (Cubison et al. 2011; Wang, J et al. 2010; Wonaschütz et al. 2013). There is also 
research to suggest that some fresh biomass burning aerosol are CCN active at the point of emission 
and do not require conversion in the atmosphere into more hydrophilic compositions before they 
can grow by uptake of water vapour (e.g., Petters et al. 2009b; Pratt et al. 2011).  
Hygroscopicity parameters (ĸ) provide information about the composition of particles, in particular 
in regards to their water solubility. κ represents a quantitative measure of aerosol water uptake 
characteristics and CCN activity. Typically a ĸ-value of 0 refers to hydrophobic particles and a ĸ-value 
of around 1 refer to hydrophilic particles (the ĸ-value of pure NaCl particles is around 1.12 - 1.28 
depending on the method used to determine it (Petters & Kreidenweis 2007). κ reported in the 
literature for biomass burning aerosol is highly variable and can range from 0.02 to 0.8 (Carrico et al. 
2010; Engelhart et al. 2012; Petters et al. 2009b). 
A possible explanation for the variability in hygroscopicities observed may be explained by the 
variation in the composition of aerosols based on combustion efficiency. Near complete combustion 
of biomass produces particles that are dominated by inorganic compounds (mostly alkali salts) and 
soot carbon, while poor combustion conditions lead to the formation of a multitude of organic 
compounds, a large fraction of which is water soluble (Vestin et al. 2007). Water Soluble Organic 
Carbon (WSOC) can contribute to CCN properties in four ways: by contributing to the solute 
material, by altering the surface tension of the growing droplet, by affecting the wettability of the 
particle surface, and by affecting the growth kinetics (Kanakidou et al. 2005; McFiggans et al. 2006; 
Sun & Ariya 2006). 
Fuel type is an important factor in combustion efficiency (Carrico et al. 2010; Engelhart et al. 2012; 
Meyer et al. 2012; Petters et al. 2009b). In Northern Australia, Meyer et al. (2012) found that 
biomass fuel structure impacted upon smoke plumes observed. Leaf litter and small twigs in a loose 
bed on the soil surface were poorly aerated during combustion and tended to smoulder. Although 
grass tussocks completely combusted, they burned intensely and fast. The portion of biomass 
burning emissions created under poor combustion conditions is the situation most likely to create 
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CCN active aerosol. This means that there is a good chance that biomass burning aerosol emissions 
in northern Australia are CCN active.  
The focus of this work was to conduct a field campaign to examine the chemistry and physics of 
tropical Australian aerosol that can act as CCN with a particular focus on the influence of ambient 
biomass burning aerosol. This work is the beginning of a long-term observational program, data from 
which will be used to inform the development of atmospheric chemistry components of the 
Australian Climate Community Earth System Simulator (ACCESS) model and to validate remote 
sensing products.  
 
Figure 37 Map of site. 
CCN spectra were used to determine Activation Diameters (Da) for tropical biomass burning aerosol 
at Gunn Point, in northern Australia. Da was then used with the aerosol size distribution to model 
CCN concentrations and to determine CCN hygroscopicity parameters (ĸ). Results will be compared 
to previous studies conducted on biomass burning aerosol in other regions and in laboratory 
chamber experiments (Engelhart et al. 2012; Petters et al. 2009b; Rose et al. 2010; Vestin et al. 
2007).  
5.2 Method 
5.2.1 Site  
Intensive ground-based measurements of ambient aerosols and CCN were conducted for three 
weeks in the dry season (June 2010) at the Centre for Australian Weather and Climate Research’s 
(CAWCR) Tropical Atmospheric Research Station in Gunn Point, a remote tropical location in the 
Northern Territory (NT) Australia (Figure 37). The site is located approximately 80 km northeast of 
Darwin. The site was very isolated with the only access being via one dirt track. It was surrounded 
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primarily with native scrub vegetation and only a few kilometres from the pristine coast line. During 
the dry season dry south easterly air streams pass the site, resulting in little rainfall. Winds can be 
strong, which could mean rough seas in coastal waters and wildfire risk on land. Temperatures 
fluctuate between 20°C and 35°C.6 Measurements of ambient Relative Humidity (RH) conducted 
onsite during the campaign showed fluctuations between 25 and 95 %. Air sampled was passed 
through a silica gel drier prior to entering instruments, the inlet RH was kept below 50 % throughout 
the campaign (mean inlet RH was 28 % with a standard deviation of 7 %).  Instruments were housed 
inside a ground based laboratory, a shipping container, located on Bureau of Meteorology (BOM) 
land next to the Gunn Point radar station (Figure 36).  
5.2.2 Air back trajectories 
The NOAA Air Resources Laboratory (ARL) HYSPLIT transport and dispersion model (Draxler & Hess 
1997) was used to determine the air mass movement in the previous 24 hours before reaching the 
site. The site, Gunn Point, source coordinates used for trajectory analysis were 12.2488 S and 
131.0453 E. These data are presented in Figure 38.  
Air back trajectory maps (Figure 38) confirm that every day the air mass arriving on site was from the 
south east. Nearly all of the air masses arriving at the site at 9:30 pm (12 UTC) stayed at a low 
altitude for 24 hours prior. The track was also almost entirely over land, therefore, any aerosol 
emitted from controlled burns occurring on the ground throughout the day would have been 
captured and recorded on a daily basis. The air mass arriving at the site at 9:30 am (00 UTC) mostly 
appeared to drop from higher altitudes in the 24 hours prior to reaching the site. The air mass from 
the upper boundary layer was likely to be a well mixed aged homogeneous air mass, because in 
comparison to near the Earth’s surface aerosol atmospheric lifetimes are longer and sources are few 
in the upper boundary layer. After 16th of June 2010 a higher frequency of air parcels passed over 
the Gulf of Carpentaria prior to travelling over land, this may have introduced a sea salt source to 
the mixture. 
5.2.3 CCN activity 
CCN activity spectra were measured throughout the campaign using an Electrostatic Classifier (EC, 
TSI3081) upstream of a Condensation Particle Counter (CPC, TSI3772) and a continuous-flow stream-
wise thermal gradient CCN counters (DMT CCNC-100). This system is referred to as an EC-CCN-CN 
system. The EC operated with an aerosol flow rate of 1.1 L min-1, with a sheath to aerosol flow of 
10:1. The aerosol flow of the EC was controlled by a combination of the CPC (0.6 L min-1) and CCN 
                                                             
6 http://www.ntepa.nt.gov.au/__data/assets/pdf_file/0014/7430/EAW_EIS_ch7.pdf 
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counter (0.5 L min-1) inlet flows. The CCN counter operated at a flow rate of 0.5 L min-1 with a sheath 
to aerosol flow of 10:1, made up of an aerosol flow of 0.045 L min-1 and a sheath flow of 0.45 L min-1. 
The CCN counter cycled through 3 Supersaturations (S) ranging from 0.38 to 0.96 %. Within each S, 
up to 9 different size fractions of aerosols were selected by the EC. Actual size fractions selected 
varied for each S. The EC was set up to select and hold each size fraction of aerosol (or voltage step) 
for 3 minutes. As well as this, 6 minutes were allowed as transition time between each S, hence each 
CCN activity spectra took approximately 30 minutes to collect. These data sets were used to obtain 
Da (discussed in section 5.2.8 and 5.3.3). 
 
 
Figure 38 Back trajectories during campaign. Left hand side plots show air trajectories going back 24 hours 
before arriving on site at 9:30 am (00 UTC). Right hand side plots show air trajectories going back 24 hours 
before arriving on site at 9:30 pm (12 UTC). Top plots are for between 2 and 14 of June 2010. Bottom plots are 
for between 16 and 28 June 2010.  
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The CCN counter was calibrated following the van’t Hoff (VH) factor model VH4 described by Rose et 
al. (2008) with nebulised, size selected ammonium sulfate particles. For more detail refer to section 
2.3.2. Errors in S are estimated to be + 5 % based on the variability in column top temperatures 
during field campaigns (Rose et al. 2008). 
5.2.4 CCN concentration 
The CCN counter was separated from the EC-CCN-CN system on 7 days throughout the campaign 
and used on its own to measure ambient CCN concentrations. During this measurement the CCN 
counter operated at the same flow rates described above in section 5.2.3. CCN concentrations were 
measured at three S:  0.38, 0.68 and 0.96 %. The S were chosen to match the S measured by the EC-
CCN-CN system for direct comparison in section 5.3.5. Each S was held for 10 minutes, allowing 5 
minutes as transition time between each S and 5 minutes for data collection. Therefore the 
complete cycle through all S took 30 minutes. The 5 minute intervals were synchronised to match 
with SMPS distribution measurements (described next in section 5.2.5) for direct comparison in the 
discussion section 5.3.5. 
5.2.5 Aerosol size distributions  
Aerosol size distributions were measured semi-continuously with a custom-made Scanning Mobility 
Particle Sizer (SMPS) consisting of an EC (TSI 3071A) and CPC (TSI 3010). To obtain the broadest 
distribution the SMPS was run with an aerosol flow of 0.3 L min-1 and sheath flow of 3 L min-1. The 
SMPS measured the aerosol size distribution of particles in the range 15 to 736 nm. Size distributions 
were measured over 5 minute intervals. Sizing accuracy of the SMPS was checked using PolyStyrene 
Latex (PSL) solution with errors being less than 2 %. A time series of aerosol size distributions is 
shown in Figure 39. 
 
Figure 39 Time series of aerosol size distributions. Y-axis is particle diameter (nm). Plume event evident on the 
night of the 22nd of June 2010 indicated by purple region, and burst event evident on the morning of the 25th 
of June 2010 commencing at 6 am. 
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5.2.6 Aerosol mass concentration 
The SMPS measured the number of particles (dN) for each particle diameter (Dp), or for each size 
bin, in order to create a number distribution. Assuming that all particles are spherical, the number 
distribution may be converted to a volume (dV) and/or mass (dM) distribution using the following 
equations 
dV = dN x π/6 x Dp3        (29) 
dM = ρ(Dp) x dV        (30) 
where ρ(Dp) is the density of the particles and assumed to be 1270 kg/m3 for the aerosol at this site. 
This density was used because it is representative of organic material (Cross et al. 2007) which was 
the dominant chemical composition measured in the aerosol at this site (refer to section 5.3.2). The 
SMPS number size distribution was used to determine the aerosol mass distribution. The mass 
concentration of particles smaller than 300 nm (PM0.3) shown in Table 5 was calculated using the 
integral of the aerosol mass distribution. 
5.2.7 Aerosol chemical composition7 
Size resolved aerosol chemical composition was determined by the collection of aerosol samples 
with a Multi Orifice Uniform Deposit Impactor (MOUDI). During the campaign six MOUDI samples 
were collected, each running for a period of 72 hours.  
A quarter of each MOUDI substrate was analysed for soluble ions and carbohydrates. The filter 
portions were extracted in 10 ml of 18.2 mΩ de-ionized water and preserved using 1 % chloroform. 
Anion and cation concentrations were determined with a Dionex ICS-3000 reagent free ion 
chromatograph (IC). Anions (Cl-, NO2
-, Br-, NO3
-, SO4
2-, C2O4
2-, PO4
3-, F-, acetate, formate, 
methanesulfonic acid) were separated using a Dionex AS17c analytical column (4 x 250 mm), an 
ASRS-300 suppressor and a gradient eluent of 0.75 mM to 35 mM potassium hydroxide. Cations 
(Na+, Mg+, K+, NH4
+, Ca+) were separated using a Dionex CS12a column (4 x 250 mm), a CSRS-300 
suppressor and an isocratic eluent of 20 mM methanesulfonic acid. Carbohydrates (levoglucosan, 
mannosan, mannitol, aribatol) were determined by High Performance Anion-Exchange 
Chromatography with Pulse Amperometric Detection (HPAEC-PAD). A quarter of each MOUDI filter 
substrate was analysed for Organic and Elemental Carbon (OC/EC). OC and EC was determined using 
                                                             
7 Aerosol chemistry measurements were collected on site by the author. The author conducted the sampling 
program by setting up filter runs and collecting filters when onsite. However, the laboratory analysis of the 
filter substrates, as described in section 5.2.7 (e.g. IC, GC and OC/EC), were conducted by CSIRO Research 
Scientists. 
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a DRI Model 2001A Thermal-Optical Carbon Analyser using the IMPROVE-A temperature protocol 
(Atmoslytic Inc. 2006) with uncertainties in OC and EC of + 10 %.  
The MOUDI collects ambient aerosol in 12 discrete, size-fractionated samples. Each collection stage 
was used with a numerical inversion procedure to yield a smooth aerosol mass distribution 
(Winklmayr, Wang & John 1990) as described in section 2.6.28. The resulting smoothed aerosol mass 
distribution covered particles with diameters ranging from 0.01 µm to 100 µm. The integral of the 
smoothed mass distribution for particles between 0.025 µm and 0.3 µm was used to calculate the 
chemical compositions of PM0.3 aerosol reported in Table 5.  
The fraction of non-sea salt sulfate in the aerosol was determined by subtracting a sea-salt sulfate 
contribution, calculated from the product of the concentration of Na and the sulfate to Na ratio in 
bulk sea water as given by Riley and Chester (1971). 
5.2.8 Calculating Activation Diameters (Da) 
CCN activity spectra collected using the EC-CCN-CN system described in section 5.2.3 (and shown in 
Figure 42) were fitted with an s-shaped function (Winklmayr, Wang & John 1990) to calculate 
Activation Diameters (Da): 
𝐸 𝐷𝑝 =  1 +  
𝐷𝑎
𝐷𝑝
 
2𝑠𝑡
 
−1
                                 (14) 
Dp = aerodynamic diameter 
Da = activation diameter 
st = steepness of s-shape 
E = fitted activation ratio for each size bin 
The best fit curve was calculated by determining the minimum mean square error between the 
measured and fitted activation ratios for all diameters using the Solver function in Excel. An example 
of a fitted s-shaped function can be seen as the dotted lines in Figure 42. The calculation of this 
function also provides a means of calculating Da, which was taken to be the diameter where the 
fitted curve has CCN/CN = 0.5.  
5.2.9 Calculating hygroscopicity parameters (κ) using Da 
Da (Figure 43 and Figure 44) from each CCN efficiency spectrum were taken as the critical dry 
diameters (Dd) for the CCN activation of ambient particles. Dd was used to calculate effective 
                                                             
8 This process was completed by the author. 
 R. Fedele, Chapter 5 – Page 107 
 
hygroscopic parameter (κ), presented in Figure 44 and Figure 45, with the following equation 
(Petters & Kreidenweis 2007) 
𝜅 =
256
27
∙  
𝑀𝜔 ∙𝜍
𝑅∙𝑇∙𝜌𝜔
 
3
∙
1
𝐷𝑑
3 ∙ ln 𝑆𝑐 2
      (31) 
ĸ = hygroscopicity parameter 
Mω = molecular weight of water = 0.018015 kg·mol
-1 
ς = surface tension of droplet = 0.072 J·m-2 
R = Universal gas constant = 8.314472 J·K-1·mol-1 
T = temperature at top of CCN column = t1 + 273.15 K 
ρω = density of water = 997.1 kg·m
-3 
Sc = critical supersaturation (e.g. 1.005 for 0.5 % S) 
Dd = particle diameter (m)  
5.2.10 Predicting CCN concentration using Da 
CCN concentrations were predicted by integrating aerosol size distributions from the largest 
diameter to the diameter that equalled Da. The summed aerosol concentration arrived at is taken to 
be the predicted CCN concentration. This method assumes that all particles are internally mixed (i.e. 
that all particles are composed of the same chemical composition) and that all particles with 
diameters larger than Da are CCN active.  
5.3 Results and Discussion  
5.3.1 Aerosol size distributions 
Figure 39 shows a time series of the ambient aerosol size distribution for 9 days during the 
campaign. A single mode of aerosol concentration centred at approximately 100 nm re-occurs and 
this was typical of the aerosol distributions observed throughout the entire campaign. This site is a 
clean background tropical marine site, and at the time of the campaign the main source of aerosol 
was smoke from prescribed burns. Ristovski et al. (2010) showed that freshly emitted smoke 
particles measured in northern Australia were composed of a single mode of aerosol centred at 
approximately 90 nm and that aged smoke particles grew to approximately 130 nm. The 
accumulation mode of aerosol observed in this study has a midpoint diameter that lies between 
these two values, and may reflect the presence of an aerosol population composed mainly of a 
mixture of partially aged smoke particles. 
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Figure 40 Back trajectories during burst event. shows 48 hour back trajectories for the three hours that the 
burst event occurred.  
Two aerosol events were observed that stood out from the normal aerosol size distribution seen in 
Figure 39. In the first aerosol event the number of particles spiked and the aerosol mode became 
broader than normal (purple region in Figure 39), this is typical of a plume of particles passing by the 
site (i.e., a smoke plume). This event occurred on the evening of the 22nd of June 2010, started at 8 
pm and lasted for approximately 5 hours. The second event appeared to show a burst aerosol 
growth event, where 100 nm particles were growing for the duration of the event. The second event 
commenced the morning of the 25th of June 2010 at 6 am and lasted for approximately 3 hours. Back 
trajectories conducted during the burst event (Figure 40) showed that the air mass passed over the 
Gulf of Carpentaria close to the surface of the ocean 24 hours prior to reaching the site. 
 Figure 41 shows the variation in the aerosol size distributions between the plume event, the burst 
event and the campaign average. The campaign average distribution was centred at 105.5 nm (n = 
4574), the plume event was not only much higher in concentration but also averaged out to have a 
slightly larger mode (113.4 nm, n = 60) than the campaign average. The burst event distribution 
showed concentrations slightly higher than the campaign average and much less than the plume, but 
the largest mode (140.7 nm, n = 36) out of all of the aerosol types was observed. In any case, the 
aerosol was in the accumulation mode. 
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Figure 41 Average aerosol size 
distributions for all data (mode = 105.5 
nm, n = 4574), burst event (mode = 
140.7 nm, n = 36) and plume event 
(mode = 113.4 nm, n = 60). Error bars 
are 95 % confidence intervals.  
 
5.3.2 Aerosol chemistry 
In this section, aerosol chemical composition was taken from MOUDI measurements for particles 
with diameters smaller than 300 nm (PM0.3). This size fraction was chosen to be representative of 
the ambient aerosol size distribution (Figure 41) and contained on average 95 % of the total particle 
number counted by the SMPS. The particle number concentration from the SMPS was converted 
into mass concentration (as described in section 5.2.6) to determine the total mass of particles 
smaller than 300 nm. The chemical measurements were then compared to the total mass for PM0.3 
and the results are presented in Table 5. To summarise the findings in Table 5, Total Carbon (TC) 
measured was on average approximately 63 % (standard deviation 16 %) of the PM0.3 aerosol mass 
fraction. The remaining measured composition (mostly soluble ions) made up approximately 8 % 
(standard deviation 3 %) of PM0.3 aerosol, resulting in approximately 29 % (standard deviation 16 %) 
of the aerosol in PM0.3 being unidentified.  
Levoglucosan and potassium, two biomass burning tracer species, were present in all samples taken 
during the campaign (Table 5) and combined accounted for approximately 3 % of the aerosol in the 
PM0.3 fraction. Potassium in small particles typically comes from combustion emission sources and 
occurred in about the same proportions in all samples, approximately 1 % (Table 5). One sample of 
levoglucosan was significantly higher than the rest (highlighted in red in Table 5). The sample that 
started at 12:30 pm on the 21st of June 2010 had approximately 3 times more levoglucosan than the 
average of all the samples. The plume aerosol event (purple region) seen in Figure 39 occurred inside 
this time frame on the 22nd of June 2010 at 8 pm. The increase in levoglucosan observed was likely 
due to the smoke plume.  
Nss sulfate accounted for approximately 2 % of the PM0.3 fraction and may be indicative of a small 
presence of inorganic aerosol. Studies have shown that sulfate can be present in biomass burning 
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aerosol at the point of emission (Pratt et al. 2011) as well as accumulate while the particle is aging 
(Gao et al. 2003; Hudson et al. 2004; Yokelson et al. 2009). 
The largest measured fraction, the organic fraction, is represented in this study by the bulk term OC 
as determined by thermal desorption. In addition, EC represents the inorganic carbon fraction. 
Organic and elemental carbon in the aerosol phase is commonly represented as a ratio (OC/EC). 
OC/EC ratio can be used to provide information about the source of the aerosol. EC is only directly 
emitted into the atmosphere from a combustion source such as motor vehicles. Whereas OC has 
multiple primary (eg. from combustion sources) and secondary sources (i.e. secondary organic 
aerosol (SOA) formed from gaseous precursors by oxidation or oligomerization (Kanakidou et al. 
2005).  
Table 5 PM0.3 chemical composition, units are µg/m
3 
Sample start time Sample stop time 
SMPS*  MOUDI 
  
 
  
 
 
Aerosol 
Conc. 
 OC EC OC/EC nss SO4 
Levo-
glucosan 
K+ 
All other 
chemistry# 
  
  
   
 
 
  
11/6/2010 0:00 14/6/2010 0:00 2.3  1.2 0.1 9.9 0.04 0.03 0.03 0.06 
14/6/2010 12:30 17/6/2010 12:30 2.1  1.1 0.3 4.4 0.04 0.02 0.02 0.06 
18/6/2010 0:00 21/6/2010 0:00 1.5  1.2 0.1 9.8 0.04 0.04 0.02 0.07 
21/6/2010 12:30 24/6/2010 12:30 4.2  1.9 0.2 9.6 0.04 0.1 0.04 0.10 
25/6/2010 0:00 28/6/2010 0:00 1.7  0.9 0.1 6.3 0.03 0.02 0.01 0.06 
29/6/2010 0:00 30/6/2010 0:00 NA  2.0 0.3 8.2 0.04 0.06 0.04 0.06 
  
  
   
 
 
  
Mean proportion of Aerosol Conc. (PM0.3)  56 % 8 % 
 
2 % 2 % 1 % 3 % 
  
  
   
 
 
  
*SMPS measures number concentration, and has been converted assuming spherical particles and particle density of 1270 kg/m3 to mass 
concentration and then integrated to obtain a value for PM0.3 
#All other chemical compounds analysed are listed in section 5.2.7; each compound was found to be less than 1 % of the aerosol 
concentration in PM0.3 
The mean OC/EC ratio for PM0.3 aerosol during this campaign was 8 with a standard deviation of 2. 
For prescribed burns the range of OC/EC reported in the literature is from 5 to 158 (Alves et al. 2011; 
Samsonov et al. 2005). Even though the biomass burning aerosol was from controlled burns 
conducted around this site, most of the material burnt was from tropical savannahs and grasslands, 
and the OC/EC ratio observed in this study was also inside the range of ratios associated with 
wildfires (between 4 and 15) reported in the literature in different regions around the world (Jaffe et 
al. 2008).  
OC made up the bulk of PM0.3 aerosol (56 %) and EC a much smaller portion (8 %). The amount of OC 
observed at this site was within the range (37 to 65 % of total particulate matter) expected for 
flaming and smouldering phases of biomass burning aerosol (Alves et al. 2011). Based on the 
 R. Fedele, Chapter 5 – Page 111 
 
amount of OC the aerosol may be mostly from aged smoke plumes. But with the presence of EC, 
there were some fresh emissions in the mix. 
The 29 % of unidentified mass of the aerosol is a point of further discussion in section 5.3.4.  
 
Figure 42 CCN efficiency spectra. Dotted lines are mean fitted s-shaped functions for each S as described in 
section 5.2.8.  
5.3.3 CCN activity 
Activation diameters (Da) from CCN activity spectra provide the minimum size a particle needs to be 
in an aerosol population in order to grow to become CCN at a specified S. Theoretically if the particle 
composition is internally mixed (e.g. all one type of particle) then all particles with diameters greater 
than Da will activate and grow to become CCN. The CCN activity spectra collected at three S using 
the EC-CCN-CN system are presented in Figure 42. Da is the diameter measured at CCN/CN10 = 0.5 
(Figure 43 and Table 6). Average Da ranged from 102 to 52 nm for S in the range 0.38 to 0.96 %. 
These diameters were all within or smaller than the mode of ambient aerosols observed in this study 
(Figure 41), meaning that the aerosol observed at this site were large enough to be CCN active at all 
S measured.   
All but one recorded Da fell within the range of the average values shown in Table 6. On the 25th of 
June, the CCN spectra that started at 11:45 am at 0.38 % S resulted in a much lower Da than average 
(70 nm). The burst event shown in Figure 39 ended at approximately 9 am that morning. The low Da 
measured occurred less than two hours after the burst aerosol event. Lower Da means that more 
hydrophilic aerosols than normal were present after the burst aerosol event. Data missing for higher 
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S (0.68 % and 0.96 %) around the time that the low Da was recorded may have been because the 
range of diameters measured by the EC-CCN-CN system was not wide enough to capture lower Da. It 
is not unrealistic to assume that Da may have also been lower for 0.68 % and 0.96 % after the burst 
event. An increase in the hygroscopicity of the aerosol may be linked to a sea salt source based on 
hysplit back trajectories (Figure 40). 
Table 6 Hygroscopicity Parameters (κ) and Activation Diameters (Da). 
S (%) 
mean 
Da 
(nm) 
Da 
stdev 
(nm) 
Da 95% 
confidence mean ĸ ĸ stdev 
ĸ 95% 
confidence 
Number of 
CCN 
spectra 
0.38 102 9 2 0.10 0.03 0.01 48 
0.68 65 5 1 0.11 0.02 0.01 45 
0.96 52 4 1 0.11 0.02 0.01 43 
 
The average Da collected in this study is comparable to other studies conducted on biomass burning 
aerosol (Figure 44). Three types of studies were chosen to compare with Da measured in this study. 
The first type of comparative studies were conducted in the Amazon (Vestin et al. 2007); this is also 
a clean tropical background site which also experiences biomass burning. The second comparative 
study was conducted in an urban location in China (Rose et al. 2010), and at the time that this study 
was conducted the site was impacted by biomass burning emissions. The third and final types of 
studies used were laboratory studies on biomass burning aerosol (Engelhart et al. 2012; Petters et al. 
2009b). Engelhart et al. (2012) provides a range of values (shown as the green coloured block in 
Figure 44) expected for photochemically aged biomass burning aerosol. The data from this study 
leans towards the hydrophobic side of biomass burning aerosol. The results from this study are 
closer to the studies conducted in the Amazon (Vestin et al. 2007) than those conducted in urban 
China (Rose et al. 2010) and/or in a laboratory (Petters et al. 2009b). The Amazon and northern 
Australia are both clean background sites with little anthropogenic influence. In China more 
pollution may have played a role in the slight variation in Da (Figure 44). Interestingly, if biomass 
burning emissions were completely responsible for the hygroscopicity of the aerosol at this site, 
then the laboratory studies on biomass burning would be expected to match Da from this study. The 
slight variation between this study and the laboratory study (Petters et al. 2009b) seen in Figure 44 
may be explained by the fact that laboratory conditions will always be different from the ambient 
atmosphere. Laboratory studies provide information on pure fuel sources, whereas the ambient 
atmosphere will always be composed of complex mixtures of aerosols. The aerosol mixture at this 
site was basically biomass burning aerosol mixed with other natural sources.  
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Figure 43 Time series of activation diameters (Da). 
5.3.4 Hygroscopicity parameters calculated using measured Da 
The mean κ-values derived at each S are shown in Table 6. Calculations were very consistent 
between each S and the overall mean κ derived for the aerosol at this site was 0.11 with a standard 
deviation of 0.03. ĸ-values of around 0.1 are indicative of moderately soluble organics and secondary 
organic aerosols (SOA) (Engelhart et al. 2008; Engelhart et al. 2012; Gunthe et al. 2009; Moore, M et 
al. 2011; Wang, J et al. 2010). The average κ-value for this study suggests that biomass burning 
aerosols at this site have similar hygroscopic characteristics to soluble organic aerosols and SOA and 
this has been observed in the literature (Andreae & Rosenfeld 2008; Asa-Awuku et al. 2009; Carrico 
et al. 2008; Engelhart et al. 2012; Gunthe et al. 2009; King et al. 2007, 2009; Petters & Kreidenweis 
2007; Vestin et al. 2007). Biomass burning derived organic carbon is substantially different in 
composition from first generation SOA products as biomass burning OC is more oxygenated than 
SOA from biogenic VOCs (Petters et al. 2009b). Due to the photochemical mixing occurring readily in 
the tropics, and the short time frame that it takes (1-2 hours) for freshly emitted biomass burning 
aerosol to become hydrophilic, it is highly likely that this κ-value is representative of an aerosol 
population containing mostly aged biomass burning aerosols, which have been coated in secondary 
organic products (Cubison et al. 2011; Engelhart et al. 2012; Lambe et al. 2015; Wang, J et al. 2010; 
Wonaschütz et al. 2013). 
An interesting observation when looking at Figure 44 is that levoglucosan, a biomass burning tracer, 
has κ = 0.208 (0.193-0.223) (Petters & Kreidenweis 2007). This is similar to κ-values obtained by a 
biomass burning study conducted in a laboratory (Petters et al. 2009b), but slightly higher than the 
κ-values derived in the natural environment (in this and other studies - Vestin et al. (2007)). The 
variation between these measurements adds weight to the idea that κ-values derived in this study 
are indicative of biomass burning organic aerosol possibly mixed with another natural source of 
organic aerosol. Biomass burning aerosol mixed with natural sources of air (this study and Vestin et 
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al. (2007), Figure 44) result in a more hydrophobic aerosol composition than biomass burning 
aerosol mixed with anthropogenic air masses (Rose et al. 2010).  One reason for the observed 
reduction in hygroscopicity for biomass burning aerosols has been attributed to photochemical aging 
and during the aging process the addition of organic substances may change the surface tension of 
the particles, resulting in lower κ (Giordano, Espinoza & Asa-Awuku 2015).  
 
Figure 44 Mean Da compared to other biomass burning studies. The data from this study are presented with 
95 % confidence intervals as error bars, other studies are varied types of errors (e.g. standard deviations and 
min and max values). Dashed lines are indicative of various κ-values as described in the legend. The green 
coloured block is the range expected for photochemically aged biomass burning aerosol (Engelhart et al. 
2012). 
From section 5.3.2, on average 29 % of the aerosol mass for PM0.3 aerosol was unidentified. Based 
on the chemistry observed in this size aerosol (Table 5), in order to achieve κ equal to 0.11 the 29 % 
unidentified mass would have to be basically hydrophobic aerosol (κ equal to zero) and have a 
density of around 1500 kg/m3 (See Appendix 6 regarding this calculation). One possible other source 
may be soil which was not quantified in this study, silicates in the soil may be hydrophobic and could 
explain some or all of the missing mass.  
A time series of κ-values calculated in this study are presented in Figure 45, κ-values were in the 
range 0.06 to 0.28. All but one of these values fell within the range of κ-values typically expected for 
organic aerosol, 0.02 to 0.2 (Carrico et al. 2005; Gunthe et al. 2009; Wang, J et al. 2008) and most of 
them with the range expected for SOA, 0.06 to 0.14 (Duplissy et al. 2008; Gunthe et al. 2009; King et 
al. 2009; Prenni et al. 2007). The outlier occurred on the 25th of June, after the potential burst event 
seen in Figure 39, and coinciding with the lowest Da recorded during the campaign. κ calculated at 
this time at 0.36 % S was the highest recorded throughout the campaign, κ equalled 0.28. This value 
was outside the range of κ-values expected for organic aerosols and therefore suggests that these 
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aerosols have a more hydrophilic composition than biomass burning organic aerosols, perhaps 
because of the presence of inorganic aerosol. The processes behind burst aerosol events that may 
result in more hydrophilic aerosol are beyond the scope of this study but there is a suggestion in the 
air mass trajectory (Figure 40) that a sea salt source may be related. It would have been useful to 
have real time chemistry measurements, or measurements that relate specifically to the time that 
the burst event occurred and also after the event when the hydrophilic aerosol was recorded. This 
may be of interest in future studies. 
 
Figure 45 Time series of Hygroscopicity Parameters (κ). Black dotted lines are upper and lower κ (0.02 – 0.2) for 
organic aerosols (Carrico et al. 2005; Gunthe et al. 2009; Wang, W et al. 2008). Green dotted lines are upper 
and lower κ (0.06 – 0.14) for SOA (Duplissy et al. 2008; Engelhart et al. 2012; Gunthe et al. 2009; King et al. 
2009; Prenni et al. 2007). 
5.3.5 Comparison between observed and predicted CCN concentrations 
The ability to predict CCN purely based on particle size will be tested in this section using aerosol size 
distributions (from section 5.3.1) and Da (from section 5.3.3). For most of the campaign the EC-CCN-
CN system was used to measure CCN spectra to calculate Da (discussed in section 5.3.3). Aside from 
this the CCN counter was also used independently for a short period (described in section 5.2.4) on 7 
days throughout the campaign to measure CCN concentrations; results of ambient concentrations of 
aerosol and CCN are summarised in Figure 46. Activation ratios were determined from the data in 
Figure 46. At the lowest S, 0.38 % S, the mean activation ratio was 0.3 (with a 95 % confidence 
interval of 0.03). At 0.68 % S, the mean activation ratio was 0.58 (with a 95 % confidence interval of 
0.06). At the highest recorded S, 0.96 % S, the mean activation ratio was 0.71 (with a 95 % 
confidence interval of 0.04). This means that 71 % of the aerosol at 0.96 % S are activating and 
growing into CCN. The reason for the high proportions of activating aerosol may be because of the 
size of the aerosol at this site. Size distributions (from section 5.3.1) show primarily one mode of 
aerosol with a midpoint diameter of approximately 100 nm – an accumulation mode. Da measured 
(from section 5.3.3) was well below this size at the highest S (Da at 0.96 % S = 52 nm), indicating that 
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most of the aerosols in this mode were large enough to be CCN active at this site if the aerosol 
population is homogeneous. By comparing predicted versus measured values of CCN this can be 
tested.  
CCN can be predicted from data presented in sections 5.3.1 and 5.3.3 and compared to observations 
of CCN conducted on 7 days throughout the campaign at the same three S (Figure 46). The integral 
of the aerosol size distribution from section 5.3.1 (Figure 41) for diameters greater than Da were 
used to predict CCN concentration. Theoretically, if the particle composition is homogeneous, all of 
the particles in the size distribution larger than the activation diameter should be CCN at a given S. 
The results are presented in Figure 47 and show an overall significant correlation (R2 = 0.86) between 
predicted and observed CCN. A slight over prediction of 11 % was well within expectations when 
compared to other studies (e.g., Gunthe et al. 2009; Rose et al. 2010; Vestin et al. 2007).  
 
Figure 46 Ambient particle and CCN concentrations measured.  Each measurement corresponds with one 
SMPS distribution (5 minute samples). Error bars are 95 % confidence intervals.  
Individual relationships between predicted and observed CCN at the three different S are also shown 
in Figure 47. The prediction was less accurate with decreasing S. At 0.96 % S, CCN concentration is 
predicted very well by the aerosol size distribution and Da. This tells us that at 0.96 % S CCN activity 
can be relatively well predicted with aerosol size information only. At supersaturations of 0.68 %, 
0.38 % and potentially lower S aerosol size isn’t enough and more information about the aerosol (i.e. 
composition) may be required to better predict CCN concentration. These results are based on the 
few observations conducted throughout the campaign during times when particle concentrations 
were low (see Figure 46). It would have been useful to have measured CCN on days when the 
particle number was high and this may be of interest in future studies.   
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Figure 47 CCN closure plot. Coloured trend lines represent individual S predictions, while the black trend line 
represents the overall prediction using all S measured. 
5.4 Summary and conclusions 
Size resolved CCN measurements were conducted in the dry season in northern Australia to 
investigate the CCN activity of biogenic tropical aerosols influenced by biomass burning emissions. 
Biomass burning aerosol observed for most of the campaign were accumulation mode aerosol 
(midpoint diameter 105.5 nm) composed mostly of Organic Carbon (OC). Biomass burning tracers, 
levoglucosan and potassium, were present in all samples in low concentrations (together on average 
made up 3 % of accumulation mode aerosol mass). OC made up on average 56 % of the 
accumulation mode aerosol mass. Elemental carbon (EC) was only 8 %, resulting in a mean OC/EC 
ratio of 8 + 2 over the campaign. The significant proportion of OC may be a result of the burning 
efficiency of the fires; smouldering and flaming fires tend to produce Water Soluble Organic 
Compounds (WSOC). OC may also be present in the aerosol because of photochemical aging and as a 
result of secondary organic species coating the fresh biomass burning particles. Both sources of OC 
are possible at this site. EC is typically produced directly from combustion sources and represents 
fresh biomass burning emissions that have been created by fully combusted fires.    
Average CCN activation diameters (Da) ranged from 102 to 52 nm for S in the range 0.38 to 0.96 %. 
These values were all within or smaller than the biomass burning aerosol observed, which meant 
that the biomass burning aerosol were large enough to be CCN active. The values of Da observed at 
this site were consistent with the literature. Comparisons of Da observed from this study with other 
studies conducted on biomass burning aerosols show that biomass burning aerosol when mixed with 
a biogenic air mass was more hydrophobic than observations from other studies conducted on 
biomass burning mixed with an anthropogenic air mass.  
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Depending on S and Da, effective hygroscopic parameters (κ) were in the range of 0.06 to 0.28. 
Mean κ measured was 0.11 (standard deviation was 0.03).  The range of κ-values observed during 
the campaign were all within the range expected for an aerosol population composed of soluble 
organics aerosols, with the exception of one outlier (shown in Figure 45). Most of the κ-values were 
also within the range expected for SOA. The evidence suggests that biomass burning aerosols that 
were CCN active were aged organic aerosols.  
The outlier was a single measurement taken a few hours after a burst aerosol event produced Da 
and κ for the most hygroscopic aerosol throughout the campaign (Da was 70 nm at 0.38 % S which 
corresponded to κ = 0.28). The compositional mixture of this aerosol was different from the average; 
these particles were more hygroscopic than biomass burning aerosol. Air back trajectories during the 
burst event show that the air mass contained a mixture of air coming from over sea as well as from 
over the land. This suggests that the presence of sea salt may be linked to the increased 
hygroscopicity of the aerosol at this time.  
Biomass burning aerosol seemed to have relatively low hygroscopicity but there was a significant 
number of CCN active aerosol at this site. From 30 to 71 % of the aerosol at this site were CCN active 
at S ranging from 0.38 to 0.96 %. At the highest S measured, 0.96 %, good closure was observed 
indicating that the particle size distribution may be sufficient information to predict CCN; this is also 
indicative of a homogeneous aerosol population. However as S was reduced, prediction of CCN 
based on the size distribution worsened showing the importance of understanding chemical 
composition of the aerosol to predict CCN activity at lower S. The results of this study support 
suggestions in the literature that photochemically aged biomass burning aerosol, composed mostly 
of organic material, are CCN active in the tropics. 
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Chapter Six – Conclusion 
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The aim of this work was to investigate the properties of different sources of aerosols in Australia 
that contribute to CCN, particularly the influence of size distribution, chemical composition and 
atmospheric aging of aerosols on CCN formation.  
Intensive ground-based measurements of ambient aerosols including CCN were made at three 
locations across Australia: a tropical site located at Gunn Point in the Northern Territory, an urban 
site located in a suburb approximately 22 km to the west of Sydney in New South Wales and a 
marine site located at the Cape Grim Baseline Monitoring Station located on the northwest tip of 
Tasmania.  
In this chapter aerosol observations made during this study will be discussed in relation to the 
research questions proposed in Chapter 1 as well as future directions and implications. 
6.1 Research questions  
In Chapter 1 the following three research questions were proposed 
1. What are the physico-chemical properties of Australian aerosols relevant to their cloud 
nucleating potential?  
2. What are the major sources of such particles and the different source contributions to the 
Australian atmosphere? 
3. How does the transport and evolution of aerosols from a source region into the broader 
boundary layer influence their properties, particularly cloud modification potential? 
Each research question will be addressed in separate sections below.  
6.2 What are the physico-chemical properties of Australian aerosols relevant 
to their cloud nucleating potential?  
This is the most difficult research question to answer and continues to be a point of discussion in the 
literature. The activation diameter (minimum diameter at which a particle behaves as a CCN) was 
measured in this study with an EC-CCN-CN system (in Chapter 4 and Chapter 5), and is referred to as 
Da. This diameter was also determined indirectly (in Chapter 4) using ambient aerosol size 
distributions and measured CCN concentrations; when derived from this method it is referred to as 
Daeff. Hygrocopicity parameters (κ) of the aerosol mass that provide information on the chemical 
composition of the aerosol based on hygroscopic behaviour was also determined using the 
activation diameters derived by the two methods, corresponding to κ and κeff. 
Five types of aerosol are presented in Table 7 and Table 8 collected at three sites in Australia. The 
aerosol observed ranged from pristine clean ocean aerosol to anthropogenic urban aerosol and 
biomass burning aerosol as well as a combination of these. The most CCN active aerosol was found 
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to be the biomass burning tropical aerosol (average activation ratios up to 0.7) and the least CCN 
active aerosol population was fresh urban aerosol (activation ratios less than 0.3). Marine aerosol 
fared somewhere in between. κ may be used to understand more about the aerosol composition 
and based on the results in this study, the most likely type of particles observed to grow into CCN 
(biomass burning aerosol) were composed of material with similar hygroscopic properties to soluble 
organic matter. κ for marine aerosol was quite varied and the reasons for this are discussed below. 
As a result the composition of marine aerosol remains complex and is recommended as an area of 
further research for future studies. 
Table 7 Da and κ determined using the EC-CCN-CN system (Chapter 4 and Chapter 5). The activation ratios for 
marine aerosol at Cape Grim (Chapter 4) are presented in Table 8.  
 
Table 8 Daeff and κeff determined by the second method (described in Chapter 4). Also included in this table are 
the activation ratios measured for urban aerosol at Westmead, in Sydney (Chapter 3). 
 
The summary of Da and κ determined for the different aerosol types in this study are shown in Table 
7 which shows κ is consistent when the same method is used for each aerosol type.  However, 
application of the second method to determine κ results in very different values for the same 
aerosol type (Table 8). For both tropical biomass burning aerosol and marine aerosol, predictions of 
CCN were significantly correlated with measurements of CCN, the discrepancy in κ (and the resulting 
composition of the aerosol) between each method was reflected in the magnitude of the predicted 
 
Baseline marine aerosol 
(Chapter 4) 
Aged urban marine aerosol 
(Chapter 4) 
Biomass burning tropical 
aerosol (Chapter 5) 
S (%) Da 
(nm) 
κ Activation 
ratio 
Da 
(nm) 
κ  Activation 
ratio 
Da 
(nm) 
κ Activation 
ratio 
0.14 98 0.76 - 123 0.42 - - -  
0.38 45 1.07 - 68 0.36 - 102 0.10 0.30 
0.68 32 0.93 - 42 0.44 - 65 0.11 0.58 
0.96 25 0.93 - 35 0.34 - 52 0.11 0.71 
1.15 24 0.77 - 30 0.38 - - -  
 
 
Baseline marine aerosol 
(Chapter 4) 
Fresh urban aerosol 
(Chapter 3) 
S (%) Daeff (nm) κeff Activation 
ratio 
Daeff (nm) κeff Activation 
ratio 
0.14 - - - 279 - 0.02 
0.69 116 0.04 0.3-0.4 - - - 
1.15 - - - 82 - 0.29 
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CCN in baseline aerosol in Cape Grim (Chapter 4).In tropical Northern Australia, biomass burning 
aerosol was dominant (Chapter 5), it was also likely that aerosol composition was as close to 
internally mixed as is possible in atmospheric conditions. Closure was good for this group of aerosol 
at S equal to or greater than 0.68 %. However, at Cape Grim (Chapter 4), closure was poor at 0.68 % 
S, suggesting that the marine aerosol composition is complex and more externally mixed. It appears 
that the main source of discrepancy between κ derived by the different methods for marine aerosol 
may be due to the complexity of the atmospheric aerosol composition. Both methods rely on the 
assumption that aerosol is internally mixed in their determination of κ. In the literature, studies 
which show good closure (e.g., Jurányi et al. 2013) seem to consistently be those conducted in an 
environment where the aerosol is a homogeneous composition or internally mixed. The discrepancy 
seen between the two methods for marine aerosol may be because marine aerosol are externally 
mixed and Da measured with the EC-CCN-CN system provides an average Da for the aerosol 
population, in reality there are likely a range of Da in the aerosol population, resulting in a range of 
κ, for each of the different particle types present. While, Daeff determined using aerosol size 
distributions may overestimate the size of Da if some of the larger aerosol assumed to be able to 
grow into CCN do not, this method is too simplistic for externally mixed aerosol. 
The issue of externally mixed aerosol has been addressed recently in the literature by studies that 
break up the aerosol population into different chemical groups, for example externally mixed 
aerosol containing an insoluble organic fraction, soluble organic fraction and an inorganic fraction 
which is soluble (e.g., Asa-Awuku et al. 2011; Padró et al. 2012). Realistically aerosol compositions 
are more complex than this; however, atmospheric models require a simplified approach and this 
approach seems promising. With a better understanding of ambient aerosol compositional mixtures, 
predictions of CCN should improve.  
6.3 What are the major sources of such particles and the different source 
contributions to the Australian atmosphere?  
There were three main sources of CCN active aerosol discussed in this study: marine aerosol; 
biomass burning aerosol; and urban aerosol containing industrial sulfate and/or organic material. 
Marine aerosol was investigated at Cape Grim (Chapter 4), and between 30 and 40 % of the aerosol 
population was found to be CCN active at 0.69 % S. While this is a significant natural source of CCN 
active aerosol since the oceans cover three quarters of the Earth’s surface, the numbers of particles 
in marine air are relatively low (maximum numbers varying from 350 cm-3 in winter up to 1500 cm-3 
in summer in Cape Grim). Baseline aerosol (clean Southern Ocean air) was observed to contain 22 % 
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more CCN active aerosol than marine aerosol influenced by urban air. Unfortunately, the marine 
source(s) of CCN active aerosol remains unresolved after this study.  
Urban aerosol was investigated at Westmead in Sydney (Chapter 3), where only 2 % of the aerosol 
population was found to be CCN active at 0.14 % S and at the highest S measured, 1.15 % S, only 29 
% of the urban aerosol population was CCN active. CCN active urban aerosol at 0.14 % S was 
significantly correlated with non-sea-salt sulfate in the aerosol phase, potentially sourced from 
oxidation of SO2 emitted from industry in the region. CCN active urban aerosol at 1.15 % S was 
significantly correlated with accumulation mode aerosol and the proportion of organic material in 
the aerosol phase. Both of the sulfate and organic urban aerosol were aged (either transported from 
another location or as a result of photochemical mixing or both) rather than fresh anthropogenic 
emissions (see section 6.4). During this study the mean minute concentration of urban aerosol was 
9900 + 200 cm-3, most of these particles were hydrophobic and this is consistent with the literature 
(e.g., Asa-Awuku et al. 2011; Burkart et al. 2011).   
Significant proportions of CCN active aerosol were observed in the data presented from Westmead, 
Sydney (Chapter 3) during and after an SOA event on the 11th of February 2011. This event was 
preceded by a spike in SO2 in the gas phase which may be related to the observed increase in the 
proportion of CCN active aerosol at 1.15 % S, which reached approximately 60 % during and after 
this event. It is uncertain if a compositional change or increase in particle diameter is the reason for 
the increased number of CCN active aerosol during this SOA event.  
Biomass burning aerosol was investigated in Northern Australia at Gunn Point (Chapter 5); between 
30 and 71 % of the aerosol population was found to be CCN active at 0.38 to 0.96 % S, respectively. 
Interestingly, a biomass burning plume was also observed to be CCN active at Westmead, Sydney 
(Chapter 3), and after the biomass burning plume lingered over the site for a few hours, the 
proportion of CCN active aerosol increased to approximately 60 % at 1.15 % S. Some studies suggest 
that biomass burning emissions may be CCN active on point of emission (e.g., Petters et al. 2009b; 
Pratt et al. 2011), while others suggest that after photochemical processing the oxidised state of the 
aerosol is proportional to its CCN potential (e.g., Donahue et al. 2012; Lambe et al. 2015; Suda et al. 
2014). Biomass burning can be considered to be a significant source of CCN active aerosol in 
Australia as biomass burning releases massive numbers of particles (can be up to 10 times higher 
than background marine aerosol emissions). Mean (5 minute average) concentrations of biomass 
burning aerosol during this study were 3000 + 200 cm-3.  
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Lastly, it is worth noting that CCN active aerosols in Australia may also be related to burst aerosol 
events. At both Westmead, Sydney (Chapter 3) and Gunn Point, Northern Territory (Chapter 5), 
increased aerosol hygroscopicity was observed 2-3 hours after these events occurred. While these 
events were not directly related to CCN concentrations, they were found to occur a few hours prior 
to times when the aerosol population was significantly more hydrophilic (activation diameters were 
lower than average and κ above average). It is possible that these events modify the aerosol 
composition to create more hydrophilic aerosol and therefore potentially more CCN active aerosol. 
Further research into these events is required to better understand how significant these events are 
in regards to creating CCN active aerosol.   
6.4 How does the transport and evolution of aerosols from a source region 
into the broader boundary layer influence their properties, particularly cloud 
modification potential? 
It’s difficult to develop a good understanding of these types of atmospheric processes with the data 
obtained in this study because aerosol were measured at a single location and not across multiple 
sites at the same time. Regardless, a few observations made during this study with urban aerosol will 
be discussed in this section. Urban aerosol emitted close to their source was shown, in Chapter 3, to 
be basically composed of hydrophobic particles. The small proportions of CCN active urban aerosol 
observed were significantly correlated to sulfate (at 0.14 % S) and organic (at 1.15 % S) urban 
aerosol, both were aged (either transported from another location or as a result of photochemical 
mixing or both) rather than fresh anthropogenic emissions. In Cape Grim (Chapter 4) aged urban 
aerosol which had travelled over the ocean from Melbourne was observed. The small proportions of 
CCN active urban aerosol observed in Westmead, Sydney (Chapter 3) and the aged urban marine 
aerosol observed at Cape Grim (Chapter 4) provide a means to explore possible transport and 
evolution of a particle from the source into the broader boundary layer.  
In Westmead, Sydney (Chapter 3) the most hydrophilic group of CCN active urban aerosol (measured 
at 0.14 % S) was significantly correlated with non-sea-salt sulfate in the aerosol phase, potentially 
sourced from oxidation of SO2 emitted from industry in the region. There are several possible 
scenarios:  
 CCN active sulfate aerosol may have travelled to the site from several kilometers away;  
 industrial sulfur dioxide emissions made its way into the aerosol phase of this particular 
group of CCN active aerosol during photochemical mixing;  
 as vehicle emissions are also a source of sulfur dioxide, with photochemical mixing this can 
be converted into the aerosol phase creating CCN active aerosol.  
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In most scenarios photochemical mixing is important in terms of the CCN potential of this group of 
urban aerosol. This is consistent with observations from the literature (e.g., Giordano, Espinoza & 
Asa-Awuku 2015; Wonaschütz et al. 2013)). 
With more water vapour becoming available (at 1.15 % S) CCN active urban aerosol in Westmead, 
Sydney (Chapter 3) was found to be significantly correlated with accumulation mode aerosol and the 
proportion of organic material in the aerosol phase. Organic material linked to CCN formation came 
from a biomass burning plume, an SOA event and potentially from biogenic VOCs. All of these 
sources of organic aerosol have resulted because of atmospheric transport and/or photochemical 
aging and imply these processes are important in the CCN activity of urban aerosol.  
In Gunn Point (Chapter 5) biomass burning was also shown to be a significant source of CCN. Again 
this is a well mixed aged homogeneous air mass and shows that atmospheric transformations and 
processes are important in regards to the CCN activity of the aerosol. 
In Cape Grim (Chapter 4) aged urban aerosol which had travelled over the ocean from Melbourne 
was observed. While the source location of this aerosol (from Melbourne) is different from the 
location of the urban aerosol observed in Chapter 3 (from Sydney), the two observations are 
compared here as fresh (Chapter 3) and aged (Chapter 4) urban emissions. The proportion of 
activating fresh urban aerosol was less at 1.15 S % (0.29) than that observed for aged urban aerosol 
at 0.69 % S (0.3 to 0.4). It’s important to note that two different supersaturations were used at each 
site, therefore the amount of water vapour available for condensation was significantly more at one 
site than the other. If the two groups of aerosol were similar regarding their CCN properties then 
you would expect that a greater proportion of particles would be able to grow to become CCN at the 
site with the highest supersaturation. The data shows that the opposite is occurring, the site with 
the least amount of water vapour available (lowest S) contained the greater proportion of CCN. This 
implies that a significantly greater proportion of CCN active aerosol were present in the aged urban 
aerosol observed at Cape Grim (Chapter 4) than the fresh urban aerosol from Westmead, Sydney 
(Chapter 3). Therefore atmospheric transport and evolution over the ocean appears to be beneficial 
for the CCN formation potential of urban aerosol.  
6.5 Future directions and implications 
Exploratory climate modeling suggests that aerosol effects are of comparable importance as 
greenhouse gases, as a driver of recent climate trends in the southern hemisphere, including 
Australia (Rotstayn et al. 2007; Rotstayn et al. 2010). In addition, the aerosol indirect effects (or the 
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effects aerosols have on cloud formation) are currently the largest uncertainty in the IPCC report 
estimate of anthropogenic induced climate change (IPCC 2013).  
Ambient aerosol composition is complex, mainly because of numerous sources and fast 
photochemical reactions which can alter the aerosol composition in a matter of hours. Climate 
models need a simple approach to a complicated problem. To move forward a better understanding 
of the composition of real mixtures of ambient aerosol and the processes that alter their 
composition is necessary in order to reconcile modelled and observed climate variability and climate 
change.  
Further research into the composition of marine Aitken mode aerosol, incorporating measurements 
of Water Soluble Organic Compounds (WSOC) is needed. Gunn Point in Northern Australia, during 
the wet season (without the influence of biomass burning emissions) provides a second location in 
Australia to compare to Southern Ocean baseline marine CCN active aerosol and may also contribute 
to the body of research regarding the composition of tiny marine aerosol. 
Further research into the uptake of biogenic VOCs by aerosol and the different atmospheric 
conditions required for this process is also required. Investigating the oxygenated state of organic 
aerosols and their CCN potential is a current focus in the literature (e.g., Asa-Awuku et al. 2011; 
Kuwata et al. 2013; Wonaschütz et al. 2013). Chamber studies have emerged looking at individual 
VOCs and their uptake by aerosol under different photochemical conditions in an attempt to 
understand their CCN potential. Studies conducted in the Amazon have already observed these 
types of CCN active aerosol (e.g., Gunthe et al. 2009; Vestin et al. 2007). Testing some of these 
reactions under atmospheric conditions with urban aerosol may be possible in the Sydney air shed.   
There are several up and coming methodologies being developed to obtain a better understanding 
of the aerosol compositional mix of smaller particles that are of interest in regards to CCN. Currently 
the development of mass spectrometric techniques for use in the field to measure aerosol 
composition in real time seems promising (Bzdek, Pennington & Johnston 2012 and refs therein). 
Coupling the EC-CCN-CN system with real time online measurements of aerosol composition would 
be ideal for future studies. The EC-CCN-CN system measures Da, which can be used to calculate κ. A 
time series of κ could then be analysed against the aerosol chemistry data set to look for possible 
correlations between κ and aerosol chemistry. If real time aerosol chemistry measurements are not 
feasible, aerosol samples collected by impactors could also be used. However, these samples are 
limited regarding the particle sizes of interest and to move forward the time resolution of these 
types of samples needs to be reduced to be as short as possible. 
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Once a better understanding of the compositional mix of aerosol able to grow and become CCN is 
acquired, simplified budget estimates could begin to be developed using the type of data obtained in 
this study. The influence of important aerosol sources and processes observed such as biomass 
burning, urban vehicle emissions, secondary formation and the complexity of marine sources on CCN 
formation and regulation to the Australian continent were discussed in this thesis. The data could be 
used as a starting point to generate simplified budget estimates as a step towards simplifying a 
complicated process for climate models. 
The benefit of collecting measurements across multiple platforms also deserves a mention regarding 
the future directions of these types of studies. Better understanding of atmospheric transformations 
of aerosol may be obtained if multiple measurement sites were set up, for example, to compare 
data collected over land with data collected at sea and/or by aeroplane. While the logistics of 
conducting a research program as large as this are beyond the capabilities of a single PhD student, 
with collaborations between multiple research organisations, similar to the study conducted in 
Westmead (discussed in Chapter 3), these types of sampling campaigns could be made possible. 
It’s important to remember that too much detail is impractical and not necessary to improve climate 
models. Instead, future work should focus on more simple descriptions of the aerosol such as the 
mixing state, volatility and soluble fraction. Understanding these parameters would improve CCN 
predictions and ultimately lead to a better understanding of the aerosol indirect effect. With a better 
understanding, the κ parameter presented throughout this thesis is a simplified approach that could 
be adopted by climate models to describe aerosol cloud formation properties. 
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Appendix 1 
By comparing overlapping size ranges (15.1 to 156.8 nm) measured by the two SMPS instruments, 
two individual distributions can be fitted together to create one distribution shown in Figure 24 and 
Figure 25. This comparison was not straight forward and is described in detail here. Counting in each 
SMPS is carried out by CPCs (models TSI 3010 and TSI 3776). A third CPC (TSI 3772) was also used 
independently throughout the field campaign to measure total number concentration of ambient 
aerosol.  
CPCs count the number of particles detected by an optical counter every second. An SMPS system 
introduces a differential mobility analyser (DMA) upstream of a CPC which size selects a group of 
aerosol based on their electrical mobility prior to entering the CPC. Therefore the CPC counts the 
number of particles in each size group. When a series of different sizes are measured sequentially, a 
size distribution is created. If all of the size measurements are summed, then the total should equal 
close to the total aerosol number measured by a standalone CPC. There are some particle losses 
experienced in the DMA columns. Also, the SMPS doesn’t measure particles larger than about 700 
nm; however, the number of larger particles outside the range of the SMPS is negligible in ambient 
air. 
Before the two SMPS data sets could be compared, a CPC comparison (details in 2.4.2) showed that 
the SMPS CPC (TSI 3010) had a counting error of 10 % and that the nano SMPS CPC (TSI 3776) had 
different counting errors for different sized particles fractions (84 % or basically not counting 3 to 10 
nm size particles and 39 % for particles greater than 10 nm in size). As a result, particle size 
distributions were used starting at a minimum particle size of 10 nm (plotted in Figure 24 and Figure 
25).  
The total number of particles greater than 10 nm measured by the nano SMPS was then compared 
with the total number of particles measured by a CPC (TSI 3772) with d50 = 10 nm. Theoretically this 
should be a comparable measurement. Since the nano SMPS CPC (TSI 3776) had a counting 
efficiency error of 39 % for particles greater than 10 nm in size, this comparison showed that the 
nano SMPS was counting 54 % of CPC (TSI 3772) (Figure 48). However, this comparison was done 
using measurements obtained over the entire field campaign (Figure 48). At the beginning of the 
campaign (up to 12 February 2011 12:20), the nano SMPS was counting ~5.7 times higher than the 
CPC (TSI 3772). This was due to an incorrect flow rate in the nano SMPS, which was identified and 
corrected on the 12th of February 2011. Up until the 12th of February 2011 12:20 the nano SMPS 
concentration was scaled down and, after this date the nano SMPS concentrations were scaled up to 
match with CPC (TSI 3772) concentrations.  
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Scaled nano SMPS data were then used to check the SMPS counting efficiency. Using field data, an 
instrument comparison was conducted between the total numbers of particles in overlapping sizes 
measured by both the SMPS and nano SMPS: 15.1 nm to 156.8 nm (Figure 49). Figure 50 shows that 
this relationship was not so straightforward and that three relationships existed between the 
instruments during the campaign. These relationships have occurred at three different time intervals 
given in Table 9. The first period (t1) was the time that the nano SMPS flow rate was incorrect (as 
described above), the second period (t2) both SMPS and nano SMPS were working correctly and the 
last period (t3) the SMPS had a leak in the sheath flow line which altered flow ratios. In each period a 
different scaling factor was used, taken from the linear relationships shown in Figure 49 and the 
correction factors are presented in Table 9. Final corrected SMPS concentration was then plotted 
with CPC (TSI 3772) concentration as a final check as a time series, and the result can be seen in 
Figure 50. 
 
Figure 48 Comparison of CPC (TSI 3772) concentration and nano SMPS concentration (sum of aerosol > 10 nm). 
Two relationships are evident, since at the beginning of the field campaign (before 12/2/2011) the nano SMPS 
was operating at an incorrect flow rate.  
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Figure 49 Comparison of corrected nano SMPS data and SMPS data collected throughout the field campaign. 
Green data points are the period (t1) during which the nano SMPS was operating at an incorrect flow. Blue 
data points are the period (t2) where both instruments were working correctly. Red data points are the period 
(t3) where the SMPS had a leak in the sheath air.  
Table 9: SMPS correction factors. 
 Start date Stop date Correction factor 
t1 Start of campaign 12 February 2011 12:20 0.4510 
t2 12 February 2011 12:20 21 February 2011 14:00 0.6537 
t3 21 February 2011 14:00 End of campaign 0.7813 
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Figure 50: Comparison of CPC (TSI 3772) and SMPS total number. Data presented are block averaged data, AM 
blocks were between 0500-1000, PM blocks were between 1100-1900 and night blocks were between 1900-
0500) each day of the field campaign. Dotted lines are 95 % confidence intervals.  
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Appendix 2 
Results of the Partial Least Squares (PLS) analysis conducted on the activation ratios from 
Westmead, Sydney (Chapter 3) to provide insight on the overall predictive ability of PM2.5 aerosol 
chemistry (soluble ions Na+, NH4
+, Ca2+, Cl-, NO3
-, SO4
2- and C2O4
2-) on CCN formation at 0.14 % and 
1.15 % S are presented here. At both S almost 50 % of the variability in activation ratios can be 
explained with the first principal component (highlighted in Table 10 and Table 11). Within this 
principal component ammonia, sulfate and oxalate had loadings of greater than 0.4 (highlighted in 
Table 10 and Table 11). Therefore the soluble ions in the aerosol phase that are the main 
contributing factors to the activation of aerosol are ammonia, sulfate and oxalate.    
Table 10 Results of PLS analysis at 0.14 % S. 
N. PCs Magnitudes  %   P (X-loadings)        
  Value 
 
 Na+ -0.30 0.72 -0.28 -0.20 0.14 0.14 
Total SS 294 100  NH4
+ 0.52 0.16 0.12 -0.005 -0.71 -0.15 
#1 145 49  Ca
2+ -0.05 0.26 -0.85 0.75 0.01 -0.56 
#2 63 21  Cl
- -0.36 0.64 -0.24 -0.21 -0.24 0.04 
#3 36 12  NO3
- 0.34 0.10 -0.59 0.39 -0.28 0.81 
#4 26 9  SO4
2- 0.45 0.49 0.16 0.05 0.43 -0.10 
#5 4 1  C2O4
2- 0.46 -0.04 -0.32 -0.55 0.50 -0.27 
#6 20 7   
       
Table 11 Results of PLS analysis at 1.15 % S 
N. PCs Magnitudes  %   P (X-loadings)         
  Value 
 
 Na+ -0.35 0.41 0.05 -0.69 0.60 -0.19 
Total SS 294 100  NH4
+ 0.51 -0.007 -0.32 -0.36 -0.17 -0.10 
#1 145 49  Ca
2+ -0.12 -0.64 0.55 -0.78 -0.09 0.47 
#2 37 13  Cl
- -0.40 0.39 0.009 -0.63 0.31 -0.25 
#3 17 6  NO3
- 0.29 -0.54 0.23 -0.31 0.90 -0.76 
#4 64 22  SO4
2- 0.42 0.18 -0.37 -0.57 0.48 0.35 
#5 18 6  C2O4
2- 0.47 0.25 0.71 -0.15 -0.11 0.03 
#6 13 4   
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Appendix 3 
CN10 counting efficiency of the combined SMPS systems was 13.6 % lower than CN10 measurements 
obtained by the CPC.  
In order to obtain a distribution down to 10 nm data collected from both the SMPS systems were 
combined. The number particle concentration of all particles greater than 10 nm was then compared 
to the number of particles counted by the Cape Grim CPC TSI3010. The difference between the 
counting efficiencies of the two instruments recorded was 13.6 %, the counting efficiency in the CPC 
was higher than the SMPS (Figure 51). Section 2.4.2 explains a CPC comparison done before the field 
campaign which showed that the field CPC TSI3772 was measuring CN10 8 % lower than the Cape 
Grim CPC TSI3010. Therefore the field CPC TSI3772 used to measure Da was counting CN10 5.6 % 
higher than the SMPS systems combined. SMPS data were scaled up 5.6 % to allow for this 
difference between in the counting efficiency between these instruments. 
 
Figure 51 Weekly mean particle concentration (CN10)measured by the SMPS systems and the Cape Grim CPC 
TSI3010. Shows SMPS systems were undercounting by 13.6 %. 
  
 R. Fedele, Appendices – Page 134 
 
Appendix 4 
19.5 % difference between Cape Grim CCN counter and field CCN counter can impact upon 
calculation of activation ratios. Cape Grim CCN counter was used to determine activation ratios and 
was chosen to scale up because it was measuring concentrations lower than the field CCN counter. 
The table below shows the difference between the raw hourly mean Cape Grim CCN counter 
calculated activation ratios and the activation ratios calculated when scaled up 19.5 %. The average 
of the two values is reported in Chapter 4 and the table below shows how the difference between 
baseline and the campaign average were calculated. 
 
 
 
  
 CCN raw/CN CCN scaled/CN Mean 
baseline 0.35 0.42 0.385 
aged urban 0.30 0.35 0.325 
campaign average 0.29 0.35 0.32 
Difference between baseline and  campaign average: 
0.39-0.32 = 0.07 
0.07/0.32 = 0.218 = 22 % 
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Appendix 5 
Calculation of growth κ using data provided by other studies 
Equation 11 from Petters and Kreidenweis (2007): 
𝑅𝐻
𝑒𝑥𝑝  
𝐴
𝐷𝑑𝑔𝑓
 
=
𝑔𝑓3 − 1
𝑔𝑓3 −  1 − 𝜅 
 
A = 2.1 x 10-9 (calculated by equation 21) 
Data provided by Fletcher et al. (2007): 
RH = 89.8 % 
Ddgf = 28.5 nm 
gf = 1.53 – 1.57 
So, in the first example: 
89.8
𝑒𝑥𝑝  
2.1𝑒 − 9
28.5
 
=
1.533 − 1
1.533 −  1 − 𝜅 
 ∴  𝜅 = 0.51 
Second, 
89.8
𝑒𝑥𝑝  
2.1𝑒 − 9
28.5
 
=
1.573 − 1
1.573 −  1 − 𝜅 
 ∴  𝜅 = 0.57 
Data provided by Covert et al. (1998): 
RH = 90 % 
Ddgf = 50 nm 
gf = 1.5 
90
𝑒𝑥𝑝  
2.1𝑒 − 9
50
 
=
1.53 − 1
1.53 −  1 − 𝜅 
 ∴  𝜅 = 0.38 
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Appendix 6 
The composition of the missing mass can be estimated using the following equations (Petters & 
Kreidenweis 2007): 
𝜅 =  𝜖𝑖 ∙ 𝜅𝑖
𝑛
𝑖=1         (6) 
 𝜖𝑖 =  
𝑚 𝑖 𝜌𝑖 
 𝑚𝑘 𝜌𝑘 
        (7) 
κ = hygroscopicity parameter 
ϵ = volume fraction  
m = mass fraction 
ρ = density  
All of the parameters are known (or can be estimated) except for the unidentified mass component 
(Table 12). The unidentified mass information (κ and ρ) can be calculated by solving the above 
equations for the density (ρ) and hygroscopicity parameter (κ) for this component required for an 
overall κ equal to 0.11.  
Table 12 Calculating the missing mass. The mass fractions, densities and hygroscopicity parameters of each 
known aerosol component i in PM0.3 (from section 5.3.2). 
 
mi (%) ρi (kg/m3) ĸi 
OC 56 12701 0.16 
EC 8 15002 06 
nss SO4 2 17703 0.613 
Levoglucosan 2 16004 0.2084 
Other soluble chemistry (including K) 4 15005 15 
Unidentified 29 ? ? 
1 (Cross et al. 2007) 
   2 insol. organic carbon (Bougiatioti et al. 2009; Medina et al. 2007) 
3 ammonium sulfate (Petters & Kreidenweis 2007) 
 4 (Svenningsson et al. 2006) 
   5 Based on the average of the values of ρi for NaCl, K, Mg, Ca and NO3 (shown in table below) 
6 (Engelhart et al. 2012; Moore, M et al. 2011) 
  
  
ρi (kg/m3) ĸi 
 
NaCl          2165 1.27 
 
K+              860 ? 
 
Mg2+            1740 ? 
 
Ca2+            1540 ? 
 
NO3-            1510 ? 
 
average: 1563 
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